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REMARKS 



Reconsideration of the present application in view of the above amendments and the 
following remarks is respectfully requested. 

Status of the Claims 

Claims 9-12, 16-18, and 23-32 were acted on by the Examiner in the Office Action 
dated February 10, 2006. Claims 9-12, 16-18, and 23-32 have been rejected. Claims 9-10 
and 24 have been canceled. Claims 16, 25, 26, 28, 29 and 32 have been amended. 
Accordingly, Claims 1 1-12, 16-18, 23, and 25-32 are presented for examination. 

Examiner Interview 

The undersigned conducted an Examiner interview on March 3 1 , 2006 to discuss the 
Trapnell et al. and Smith et al. publications, the Examiner's rejections, and proposed claim 
amendments. The Examiner indicated that adding a recitation to Claims 1 6 and 26 to a single 
administration of a vector "would be a substantial step forward" in allowing these claims. 
Accordingly, applicants have amended Claims 16 and 26 to add this recitation. The 
Examiner also indicated that ex vivo claims (Claim 29 and its dependents) would be more 
likely to advance in prosecution if applicants provided references to support the fact that ex 
vivo methods were enabled at the time of filing. Accordingly, applicants have cited and 
enclosed several review articles which disclose ex vivo protocols known in the art at the time 
of filing. 

Section 102(a) Anticipation Rejections of Claims 26-28 

Claims 26-28, directed to a method for increasing the tolerance of a mammal to 
transgenic cells, were rejected by the Examiner under 35 U.S.C. § 102(b) as being anticipated 
by the disclosure of Smith et al., Gene Therapy (1996); 3:496-502 (hereafter "Smith et al.") 
and, alternatively, by the disclosure of Trapnell et al., International Publication No. WO 
96/12406 (hereafter "Trapnell et al."). The Examiner has also indicated if claim 16 is 
directed to the administration of a transgene rather than a transgenic product, then this 
rejection would apply to claim 16 and its dependents. 
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Smith et al. and Trapnell et al. disclose essentially the same methods. For example, 
compare Figure 2(b) of Smith et al. with Figure 17 of Trapnell et al. Both publications are 
directed to a method of administering adenovirus vectors expressing a transgene along with 
administration of an immunosuppressant that will decrease the formation of anti-adenovirus 
neturalizing antibodies to allow for a more effective second administration of the adenovirus 
vector. The goal of Smith et al. and Trapnell et al. is to decrease the humoral immune 
response to the adenoviral vectors to allow for repeat doses of the vector. For example, 
Smith et al. explicitly states that its goal is to increase the tolerance to multiple repeat doses 
of a vector. 

In present study we demonstrate that the humoral immune 
response to a systemically administered adenovirus vector is 
dose dependent and can be modulated by a brief treatment with 
the immunosuppressive agents cyclophosphamide or 
deosyspergualin at the time of initial treatment. This strategy 
permits effective multiple repeat doses of a vector encoding a 
therapeutic gene .... Smith et al., p. 496 (emphasis added). 

Similarly, Trapnell et al. states that the object of their invention is "to provide for sustained 
efficacy of gene transfer via repeated administration of adenoviral vectors, and for sustained 
expression of the transferred gene, through the suppression of an immune response against 
the adenoviral vectors. Trapnell et al., p. 4 (emphasis added). Accordingly, Trapnell et al. 
and Smith et al. are focused on the transient expression of the transgenic product. This is 
reflected in the fact that both Trapnell et al. and Smith et al. test only for the expression of 
transgenic product a week after the repeat administration of the vector. Smith et al., captions 
to Fig. 1, 2(b); Trapnell et al. at p. 36. Trapnell et al. and Smith et al. do not test for long 
term expression of the transgenic product because they are primarily concerned with the 
humoral immune response against the viral vector to allow for repeated dosing of the vector. 



In contrast, applicants' invention is directed to increasing tolerance to the transgenic 
cells by suppression of the cellular immune response. Specification at p. 4, lines 5-6. More 
particularly, the object of applicants' invention is to "prevent the rapid destruction of the 
transgenic cells and thus increase the tolerance of a mammal to transgenic cells. Thus, the 
expression of the transgenic product is maintained longer in vivo. As a consequence, 
"repeated administration of the genetic material could be stopped . . . Specification at p. 2, 
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lines 6-10 (emphasis added). In Example 2, applicants show that for at least a period of 200 
days following administration of the vector, production of the transgenic product is at least 
50% higher than the control. Accordingly, an embodiment of applicants' invention is a 
method of increasing the tolerance to transgenic cells and a method for increasing expression 
of a transgenic product using a single administration of a vector carrying a transgene. 

Claims 16 and 26 have been amended to recite that the transgenic cells are produced 
in vivo after a single administration of a vector. Support for this amendment can be found on 
p. 2 and Examples 1 and 2. Claims 1 1-12, 17-18, 23, and 25 depend from Claim 16. Claims 
27-28 depend from Claim 26. Claim 16 has also been amended to make clear that the method 
is directed to the administration of a transgene not a transgenic product. Because neither 
Trapnell et al. nor Smith et al. disclose using only a single administration of a vector to 
increase tolerance to transgenic cells or for producing transgenic product, neither Trapnell et 
al. nor Smith et al. can anticipate Claims 16 and 26, and their dependents. 

When considered in their entirety, Trapnell et al. and Smith et al. teach away from 
applicants' invention as the object of both Trapnell et al. and Smith et al. is to allow for 
effective repeated administration of a vector. Accordingly, Claims 16, 26, and their 
dependents are not anticipated by Trapnell et al. or Smith et al., and thus, this rejection should 
be withdrawn. 

Section 1 12 Written Description Rejections of Claims 9-12, 16-18. 23-25 and 29-32 

Claims 9-12, 16-18, 23-25 and 29-32 were rejected under 35 U.S.C. § 112, If 1 as 
failing to comply with the written description requirement. Claims 9-10 and 24 have been 
canceled. Claims 16, 25, 26, 28, 29 and 32 have been amended. 

With respect to Claim 16, the Examiner has asserted that the original disclosure fails 
to recite the limitation of "wherein said immunosuppressant is administered before . . . 
administration of the transgenic product into the mammal." As the Examiner has recognized 
the claim should read "wherein said immunosuppressant is administered before . . . 
administration of the transgene into the mammal" and has been amended accordingly. 
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With respect to Claim 29, the Examiner asserts that there is no disclosure in the 
specification to support a method of ex vivo administration. Applicants traverse respectfully 
this rejection. First, the specification describes an ex vivo administration of genetic material. 
For example, on page 4, lines 26-3 1 of the specification, applicants describe that "genetic 
material is inserted into cells in vitro or in vivo in the form of one or more nucleic acid 
chains. This is carried out, for example, with the aid of viral vectors, such as adenoviruses, 
retro viruses or herpesviruses, or other methods, for example by means of transfection, by 
direct injection, by gene gun, or with the aid of liposomes, virosomes or receptor-mediated 
transport systems." (emphasis added). If the genetic material is inserted in vitro as described 
in the specification, then to get the genetic material into the mammal, an ex vivo method must 
be employed. Second, as evidenced by the attached publications, several ex vivo methods 
were known in the art at the time the application was filed. See Yang et al., "Gene Therapy 
for Central Nervous System Injury: the Use of Cationic Liposomes," J. of Neurotrauma, 
14(5):28 1-297 (1997) ("Ex vivo gene transfer into the CNS is relatively mature in animal 
studies following more than a decade of experimental studies."); Robbins et al., "Viral 
Vectors for Gene Therapy," Trends in Biotechnology, 16(l):35-40 (Jan. 1998) (Summarizes 
the use of different viral vectors for ex vivo and in vivo gene transfer.); Mahvi et al., "DNA 
Cancer Vaccines: A Gene Gun Approach," Immunology Cell Biology, 75(5):456-60 (1997) 
(Summarizes the use of a gene gun in gene transfer for use in ex vivo gene therapy 
protocols.); Onyia et al., "Osteoprogenitor Cells as Targets for Ex Vivo Gene Transfer," 
(Describes ex vivo protocol for transferring genes by transducing osteoprogenitor cells with 
recombinant retro virus.). 

Section 1 12 Enablement Rejections of Claims 9-12, 16-18, and 23-32 

Claims 9-12, 16-18, and 23-32 were rejected under 35 U.S.C. § 1 12, % 1 as failing to 
comply with the enablement requirement. Claims 9-10 and 24 have been canceled. Claims 
16, 25, 29, and 32 have been amended. Claims 16 and 26 have been amended to make clear 
that Claim 16 is directed to an in vivo method for introducing a transgene into a mammal 
whereas Claim 26 is directed to an ex vivo procedure for introducing transgenic cells into a 
mammal. 
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The Examiner has asserted a number of grounds for the enablement rejection 
including reasserting some rejections from prior Office Actions. Applicants have grouped 
each rejection by subject matter and will address each ground separately below. 

Administration of transgenic product 

The Examiner asserts that there is no support in the specification as filed for the 
administration of the transgenic product into the mammal. Claim 16 has been amended to 
replace "transgenic product" with "transgene." Accordingly, it is clear that the claim is 
directed to administration of a transgene into a mammal, and thus, this rejection is now moot. 

Ex vivo method 

With respect to claims 16, 26 and their dependents, the claims, as amended, are 
directed to an in vivo procedure. Accordingly, this rejection should not apply to these claims. 
With respect to Claims 29-32, as discussed with respect to the written description rejection 
above, applicants have described using an ex vivo method. In particular, on page 4, lines 26- 
31 of the specification, applicants describe that "genetic material is inserted into cells in vitro 
or in vivo in the form of one or more nucleic acid chains. This is carried out, for example, 
with the aid of viral vectors, such as adenoviruses, retro viruses or herpesviruses, or other 
methods, for example by means of transfection, by direct injection, by gene gun, or with the 
aid of liposomes, virosomes or receptor-mediated transport systems." Thus, applicants have 
provided a number of different methods for inserting the genetic material into a mammal's 
cells in vitro. Moreover, ex vivo methods were well known in the art at the time of filing (see 
the citations provided above and the attached publications). Given the disclosure in the 
specification and the ex vivo methods known in the art, one of ordinary skill in the art would 
be able to practice the claimed invention. 

Treatment of disease 

The Examiner asserts that the Claims 26-32 are not enabled for treating diseases. 
Applicants have canceled the claims directed to a method of gene therapy by prior 
amendment. The remaining claims are directed to increasing the tolerance to transgenic cells 
and to producing a transgenic product. Accordingly, this rejection is now moot. 
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Route of administration and dosage 

The Examiner asserts that the claims are not supported for administering the 
immunosuppressant by methods other than intravenously or intraperitoneally To support this 
rejection, the Examiner has cited to Gruber et al. for the proposition that DSG is known to be 
ineffective as immunosuppressant when given orally. Applicants have canceled Claim 9 
which was directed to particular routes of administration including oral administration. 
Applicants also note that Claim 26 already recites administration intravenously or 
intraperitoneally, and thus, this rejection should not apply to Claim 26 and its dependents. 

The test of enablement requires a determination as to whether one of skill in the art 
can practice the claimed invention without undue experimentation. Applicants submit undue 
experimentation would not be required to practice the present invention. The claimed 
invention is a method for expressing a transgenic product in a mammal and a method for 
increasing the tolerance of a mammal to transgenic cells. One skilled in the art, seeking to 
practice such a method on a certain mammal containing a certain transgene can simply use 
the assay described on page 8 of the application to determine which immunosuppressant to 
use and in what amount, what route of administration to use, and how long such an 
immunosuppressant should be applied. 

Moreover, as long as "a statement of utility in the specification contains within it a 
connotation of how to use, and/or the art recognizes that standard modes of administration are 
known and contemplated, 35 U.S.C. 112 is satisfied." MPEP § 2164.01(c). Here, the 
specification provides examples of administering the immunosuppressants, DSG, cyclosporin 
A, and FK 506, intraperitoneally, at given dosages, for various periods of time. Applicants 
are not required to submit information that can be determined by routine experimentation, 
even if a considerable amount of experimentation would be needed. See MPEP § 2164.06 
("The test is not merely quantitative, since a considerable amount of experimentation is 
permissible, if it is merely routine, or if the specification in question provides a reasonable 
amount of guidance with respect to the direction in which the experimentation should 
proceed."). Here, by routine experimentation, one of skill in the art by using the examples in 
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the specification, and the knowledge in the art, would be able to determine a suitable 
combination of immunosuppressant, dosage, and route of administration to achieve the 
claimed level of transgenic product. Accordingly, practicing the claimed invention does not 
require undue experimentation. 

Any experimentation necessary to determine an effective dosage or route of 
administration of an immunosuppressant would be routine for one skilled in the art in view of 
the more than reasonable guidance provided and the extensive guidance in the scientific 
literature on immunosuppressant administration. It cannot be the case that Applicants after 
discovering the lasting effects of immunosuppressant administration on the levels of 
transgenic products must provide examples of administering the immunosuppressant in 
different dosages and by different routes of administration. Such a requirement would be 
unduly burdensome on applicants and exceed the requirements set forth in 35 U.S.C. § 1 12. 
Accordingly, Applicants respectfully request that this rejection be withdrawn. 



The Examiner seems to be asserting that the pending claims are not enabling for 
transgenes other than the ones disclosed in the Examples. The Examiner asserts that the 
transgene has an effect on expression levels because Example 1 and 2 have different results. 
First, the results of Examples 1 and 2 are very similar. As the Examiner notes, Example 1 
shows 10% of maximal expression on the 42 nd day after vector administration. Whereas, 
Example 2 shows 36% of maximal expression on the 30 th day after vector administration - 
not 50% as the Examiner asserts - (10001250/27775000 x 100) and 8% expression on the 
60 th day after vector administration (213500/27775000 x 100). Accordingly, as Example l's 
expression falls within this range, the Examples are consistent. Second, applicants fail to 
understand the basis of the Examiner's assertion. In both Examples 1 and 2, a proper control 
was used (no immunosuppressant), and the level of product expressed by the mice 
administered both a vector and an immunosuppressant is much higher than the control. Even 
if it were the case that the greater expression of AAT in Example 2 as compared to the 
expression of beta-galactosidase in Example 1 may be attributed to properties of AAT, it still 
can not be ignored that the level of expressed AAT in the mouse treated with DSG is 
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significantly greater than the level of expressed AAT in the mouse not treated with DSG. 



Similar to the argument above, the Examiner seems to be asserting that it is possible 
that the increased tolerance caused by DSG treatment in applicants' Example 1 may be due to 
a different vector being used for the DSG-treated mice because the vectors used in Example 1 
are based on the vectors in Bett et al. and because Bett et al. disclosed more than one 
adenoviral vector. Again, this assertion is without merit because the proper controls were 
used. As both the DSG-treated group and the control group are administered the same 
adenoviral vector, it is clear that the increased expression of beta-galactosidase was due to the 
treatment with DSG. 

Accordingly, in view of applicants' amendments and the remarks above, applicants 
request respectfully that the enablement rejections be withdrawn. 

Section 1 12 Indefmiteness Rejections of Claims 9-12, 16-18, 23-25, and 29-32 

Claims 9-12, 16-18, 23-25, and 29-32 were rejected under 35 U.S.C. § 1 12, f 2 as 
being indefinite for failing to particularly point out and distinctly claim the subject matter 
which applicants regard as the invention. Claims 9-10 and 24 have been canceled. Claims 
11-12, 17-18, 23, and 25 depend from Claim 16. Claims 30-32 depend from Claim 29. 



Claim 16 and its dependent claims were rejected for omitting the step of 
administering the transgenic product to the mammal. Applicants have amended Claim 16 to 
make clear that the method involves the administration of a transgene to a mammal and not a 
transgenic product. Accordingly, the rejection based on the administration of a transgenic 
product should be withdrawn. 

Claim 16 was also rejected for lacking antecedent basis for the recitation "introducing 
into a cell of said mammal a transgene capable of expressing said transgenic product." 



Vector 



Claim 16 



Synnestvedt 8c Lechner llp 

In re application of Seeman and Cichon Atty. Docket No. P25,986 USA 

Application No. 09/381,344 May 10, 2004 

Page 14 

Applicants traverse respectfully this rejection. Both the terms "mammal" and "transgenic 
product" are introduced in the preamble. Applicants assert that changing the "said" to "the" 
does not change the structure of the claim. Moreover, replacing "said" with "a" would make 
the claim unclear as the method is directed to administering a transgene to the same mammal 
to produce the same transgenic product as indicated in the preamble. Accordingly, applicants 
request that this rejection be withdrawn or that the Examiner provide a citation to support this 
rejection. 



Claim 29 

Claim 29 and its dependent claims were rejected for omitting the step of 
administering the transgenic cells to the mammal. Applicants have amended Claim 29 to 
insert the recitation "introducing said transgenic cells into said mammal" to address the 
Examiner's rejection. Accordingly, this rejection should be withdrawn. 

Claim 29 was also rejected for lacking antecedent basis for the recitation "introducing 
into a cell of said mammal a transgene capable of expressing said transgenic product." 
Applicants have amended Claim 29 to replace "said transgenic product" with "a transgenic 
product." With respect to the recitation "said mammal," this refers back to the preamble as 
discussed above. In light of applicants' amendment, applicants request that this rejection be 
withdrawn. 
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Conclusion 

In view of the proposed claim amendments and the arguments presented above, the 
present application is believed to be in condition for allowance and an early notice thereof is 
earnestly solicited. The Office is invited to contact the undersigned counsel in order to 
further the prosecution of this application in any way. 

Respectfully submitted, 
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ABSTRACT 

This paper briefly reviews general principles of gene therapy with emphasis on the therapeutic po- 
tential of cationic liposome-mediated neurotrophin gene transfer to treat central nervous system 
(CNS) injury. Current developments in studies of gene therapy for CNS injury are both impressive 
and promising. Ex vivo gene transfer into the CNS is relatively mature in animal studies following 
more than a decade of experimental studies. In vivo gene transfer into the CNS has gained more at- 
tention recently. Although progress has been made using viral vectors, rapid advances in transfec- 
tion technologies employing cationic liposomes, together with the relatively low toxicity of these non- 
viral vector systems, suggest that liposomes may have significant potential for clinical applications. 
Although many investigators have recognized that gene therapy may be useful for treatment of cer- 
tain genetic defect diseases or cancer, gene therapy for CNS injury is relatively novel. In contrast 
to genetic defect disorders, temporary induction of transgenes may have therapeutic applications 
for CNS injuries such as stroke and trauma. Employing gene transfer techniques to achieve thera- 
peutically useful levels of expression of neurotrophins in the CNS could provide a new strategy for 
treatment of the traumatical!) injured CNS. 

Key words: Gene transfer; neurotrophin; CNS injury; liposome 



INTRODUCTION 

During the past few years, there has been rapid growth 
in the concepts and techniques surrounding gene 
therapy,. including its applications to disorders of the cen- 
tral nervous system (CNS) (Friedmann and Jinnah, 1993; 
Karpati et aL, 1996; Iwamoto et al., 1996). Although it 
has been recognized that gene therapy has significant po- 
tential for the treatment of many inherited genetic defect 
diseases or cancer, gene therapy for CNS injury is rela- 
tively novel. The therapeutic potential of various neu- 
rotrophins for treating injuries of the CNS is widely ap- 



preciated. Investigators studying CNS injury have long 
known that administration of specific proteins such as 
neurotrophins could have important therapeutic potential 
for intervention in the pathological responses to injury 
and recovery of function in the injured brain (Hefti, 1986; 
Williams et al., 1986; Kromer, 1987; Hagg et aL, 1990; 
Fischer et al., 1991; Fischer & Bjorklund, 1991; Rylett 
et al., 1993; Dekker et al., 1992, 1994; McDermot et al., 
in press; Dixon et al., in press). Therapeutically relevant 
strategies for manipulating production of these proteins 
could ultimately have important implications for the 
treatment of neuronal injury. Employing gene transfer 
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techniques to achieve therapeutically useful levels of ex- 
pression of neurotrophic in the CNS could provide a 
new strategy for intervention in the traumatically injured 
CNS. This paper reviews cationic liposome-mediated 
gene transfer for CNS injury. Rationales for this focused 
review include the observations that (1) blood-brain bar- 
rier opening after injury provides a specific therapeutic 
window for the gene transfection; (2) traumatic brain in- 
jury (TBI) is not a genetic defect disorder and permanent 
gene transfer may not be necessary. TBI is associated 
with disturbances of the blood-brain barrier, which may 
enhance delivery of transgenes by vectors that would oth- 
erwise have restricted access to the CNS. In contrast to 
genetic defect disorders, temporary induction of trans- 
genes may have therapeutic applications for CNS injuries 
such as stroke and trauma. Recent studies suggest that 
cationic liposome-mediated gene transfection is associ- 
ated with low toxicity and may be better suited for ap- 
plication in transient transgene expression. 

This paper will briefly review the general principle of 
gene therapy with emphasis on the therapeutic potential 
of cationic liposome-mediated neurotrophin gene trans- 
fer for treating CNS injury. We will focus on studies ex- 
amining the potential usefulness of cationic liposome- 
mediated neurotrophin gene transfer for enhancing 
recovery from neurotrauma. For readers who have 
broader interests in gene therapy, other reviews are avail- 
able. For current status of general gene therapy for CNS 
disorders, readers can refer to the reviews by Suhr and 
Gage (1993); Fick and Israel (1994); Karpati et al. (1996); 
and Heistad and Faraci (1996). For viral vector-mediated 
gene therapy, readers can refer to the review by Breake- 
field (1993); Smith (1995); Haddada et al. (1995); Berns 
and Giraud (1995); and Ginsberg (1996). For nonviral 
vector-mediated gene therapy, readers can refer to re- 
views by Feigner (1993, 1996); Gao and Huang (1995); 
and Ledley (1995). 

THE BASIC CONCEPT OF GENE 
TRANSFER AND GENE THERAPY 

Gene therapy is a strategy that uses a gene transfer 
technique to transfer biologically relevant genetic mate- 
rial inter SQmatic cells to treat disease. Gene transfer can 
use one of a number of different modalities to transfer a 
piece of cDNA that codes for a transgene and can be ex- 
pressed after transfer into the host cell. 

Based on target cell differences, gene therapy investi- 
gations can be categorized into two different approaches: 
ex vivo and in vivo gene transfer. The methods of trans- 
ferring genes into the cells can be divided into two ma- 
jor categories: viral vectors and nonviral vectors. Each 



approach has its own advantages and disadvantages. It is 
too early to say any vector system is superior and, in fact, 
different vector systems may be better for different ap- 
plications. The following section provides a more de- 
tailed review. 

Ex Vivo and In Vivo Gene Transfer 

Ex vivo gene transfer. Ex vivo gene transfer relies on 
genetic transfer to cultured cells that are subsequendy im- 
planted into a host organism. Ex vivo gene transfer uses 
techniques that include molecular cloning, cell culture, and 
graft implantation to deliver the therapeutic genes. The 
transgenic graft implant acts as a manufacturing reservoir, 
responsible for synthesizing and secreting therapeutic 
agents within the CNS. Some neurological deficits are con- 
fined to very small physical regions of the brain in which 
low levels of protein produced by small grafts may be suf- 
ficient to elicit therapeutic effects. The gene carrier cells 
can be obtained from cell lines or primary cdl cultures. 
Cell line grafts have the advantage of simple preparation, 
are readily maintained in culture, and potentially grown in 
large numbers. However, the potential of tumorigenesis 
and graft rejection due to the heterologous nature of the 
cells can be problematical. Because primary cell carriers 
overcome the graft rejection problem, they have become 
favored carriers for ex vivo gene transfer, although they 
have the disadvantages of unstable transfection efficiency 
and deceasing transgene expression over time- In primary 
cell carriers, investigators can choose between neuronal 
and nonneuronal cells. Since it is difficult to glow and se- 
lect primary neuronal cultures, most studies have been con- 
ducted in nonneuronal primary cell carriers, which include 
astrocytes, adrenal chromaffin cells, myoblasts, and fi- 
broblasts. Among them, fibroblasts have been most ex- 
tensively studied and characterized. Many studies using 
genetically modified primary fibroblast grafts have pro- 
vided promising results for the use of ex vivo gene trans- 
fection to treat the CNS injuries (Rosenberg et al., 1988; 
Suhr and Gage, 1993; Tuszynski et al., 1994, 1996a,b). 

In recent years, significant progress has been made in 
ex vivo gene transfer for CNS injuries. Nerve growth fac- 
tor (NGF)-producing grafts have been shown to reduce 
behavioral deficits in rats with lesions of the nucleus 
basalis magnocellularies (Dekker et al., 1994). After im- 
planting genetically modified NGF-producing fibroblasts 
in the aged brain, significant amelioration of memory im- 
pairment and increases in size and number of neuronal 
cells in the basal forebrain were observed (Chen and 
Gage, 1995). Also, ex vivo gene transfer of NGFhas been 
shown to promote the survival of axotomized septal neu- 
rons and the regeneration of their axons in rat brain 
(Kawaja et al., 1992). Ex vivo gene transfer of NGF can 
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also induce robust neuritic ingrowth in unlesioned rat 
spinal cord (Tuszynski et al., 1994) and induce differen- 
tial outgrowth of neurites in hemisection-lesioned rat 
spinal cord (Tuszynski et al, 1996a). Brain-derived neu- 
rotrophic factor (BDNF)-transduced fibroblasts grafted to 
the rat brain showed continued mRNA production for at 
least 2 weeks (Lucidi-Phillipi et al., 1995). Investigators 
have proposed that grafting of neurotrophin-producing 
cells may be a clinically applicable approach to treating 
TBI or spinal cord injuries (Suhr and Gage, 1993; 
Tuszynski et al., 1994, 1996a,b). Recent studies in a rat 
spinal cord injury model suggest that treatment with ge- 
netically engineered fibroblasts producing NGF or BDNF 
can accelerate recovery from TBI (Kim et al., 1996). 

An advantage of ex vivo gene transfer is that the tech- 
nique avoids many ethical problems associated with fe- 
tal tissue transplantation. Another advantage of ex vivo 
gene transfer compared to in vivo approaches is that the 
transgene can be screened and selected in host cells in 
vitro before transplanting in vivo. This allows a potential 
to graft a group of uniform and potent transgene-ex- 
pressing cells to a highly localized area in the CNS. The 
disadvantages of ex vivo gene transfer include tumori- 
genesis and rejection when using cell line grafts, as well 
as grafted cell death and diminishing transgene expres- 
sion associated with the use of primary cell grafts. The 
procedure is also relatively more complicated than in vivo 
gene transfer (Suhr and Gage, 1993). 

In vivo gene transfer. In vivo gene transfer is a pro- 
cedure in which the desired gene is directly transferred 
to recipient somatic cells. This purpose can be achieved 
by infection with viral vectors that carry the transgene or 
by using nonviral vectors to deliver the transgene to CNS 
cells. Major types of viral vector systems that have been 
tried for CNS in vivo gene transfer include retroviral vec- 
tors, herpes simplex type-1 viral vectors (HSV-1), ade- 
noviral vectors, and adeno-associated viral vectors. Non- 
viral vector approaches include physical methods, 
receptor-mediated methods, and cationic liposome-medi- 
ated mechanisms. Investigations of nonviral vectors have 
recently focused on the use of cationic liposomes as DNA 
carriers. Advantages for in vivo gene transfer include sim- 
ple procedures and low costs. Problems associated with 
in vivo gene transfection include the potential toxicity of 
viraPvectors and the relatively low transfection efficiency 
of nonviral vectors. The targeting and transfer of the 
genes exclusively to desired cells is another major chal- 
lenge for in vivo gene transfer. 

Choosing an in vivo or ex vivo approach will rely on 
specific applications. Both approaches are still in rela- 
tively early developmental phases, and no reliable con- 
clusions can be drawn about the relative merits of either 
approach at this time. 



Methods of DNA-Mediated Gene Transfer 

Viral vectors. Retroviral vectors are considered the 
most efficient vectors for stable gene transfer into mitotic 
mammalian cells. The retroviral genome integrates into 
the host chromosome of the infected cells. Retroviruses 
have a wide host range and can be extensively manipu- 
lated in vitro. Studies of developmental processes in CNS 
have used retroviral vectors to genetically modify cells 
prior to grafting (Wolf et al., 1988), as well as to immor- 
talize primary brain cells through oncogene transfer 
(Evrard et al., 1990; Ishii et al., 1992). Retroviruses have 
also been widely used in CNS cancer gene therapy (Cul- 
ver et al., 1992; Yamada et al., 1992; Ram et al., 1993; 
Tamiya et al., 1995). However, with the exception of some 
lentiviruses, retrovirus can integrate only into chromo- 
somes of dividing cells. CNS cells do not normally divide 
and are not good retroviral targets. 

Herpes simplex virus type-1 (HSV-1) has the ability 
to infect neuronal cells and a prolonged latency period in 
the CNS, thus suggesting the possible selective regula- 
tion of a therapeutic gene without inducing viral gene ex- 
pression (Breakefield and Deluca, 1991). The HSV-1 is 
able to infect postmitotic cells and, in neurons, can be 
taken up anywhere along the cell surface (Lycke et al., 
1988). The potential toxicity of HSV-1 remains a criti- 
cal concern in the development of viral vectors for neu- 
rons. A defective HSV-1 vector has been developed, and 
the less pathogenic HSV-1 strain has been used to de- 
liver the LacZ gene into the rat brain (Freese et al., 1990; 
Chiocca et al., 1990; Becker and Darai, 1995). However, 
disruption of normal neuronal architecture in animals 
treated with HSV-1 mutants has still been observed 
(Huang et al., 1992). HSVs can be toxic to cells even 
when the virus does not replicate (Johnson et al., 1992). 

Adenoviral vectors have been widely used to infect rat 
CNS cells (Akli et al., 1993; Bajocchi et al., 1993; David- 
son et al., 1993; Le Gal La Salle et al., 1993; Draghia et 
al., 1995). Adenovirus infection is usually associated with 
mild disease in humans, and the adenovirus genome is 
much larger and more complex than that of retroviruses 
(Smith, 1995). Like the HSV-1 viruses, adenoviruses are 
DNA viruses that can infect postmitotic cells. Infected 
cells were identified as microglial cells, astrocytes, and 
neurons [Le Gall La Salle et al., 1993]. The main ad- 
vantages of adenoviral vectors are that they are capable 
of very efficient episomal gene transfer in a wide range 
of cells and tissues and they are easy to grow in large 
amounts. However, the potential toxicity of adenoviral 
vectors in in vivo applications is still a concern for clin- 
ical applications (Breakefield, 1993). Host pathogenic 
immunoresponses to the adenoviral vector may limit the 
repeated use of this vector (Smith, 1995). 
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Adeno-Associated Virus (AAV) is a defective par- 
vovirus and is a nonautonomous virus containing linear 
single-stranded DNA (Burns et al., 1993; Kotin, 1994; 
Du et al, 1996; Doll et al, 1996). AAV is widespread in 
the human population, but it is not associated with any 
known disease. AAV can carry small sizes of DNA and 
integrate its DNA into the host chromosome of cells. The 
potential advantage of AAV vectors is that they can in- 
fect a broad range of cells and appear capable of long- 
term expression in nondividing cells. The vectors are 
structurally simple, and they may therefore provoke less 
of a host-cell response than adenoviral vectors. However, 
the main limitation is that vectors are difficult to grow in 
large amounts (Smith, 1995; Flotte and Carter, 1995). 

In general, viral vectors hold many advantages for de- 
veloping gene therapy to treat human diseases, including 
their relatively high transfection efficiency and potential 
for long-term expression. New developments using viral 
vectors have shown that gene transfer with therapeuti- 
cally relevant genes has potential for treatment of neu- 
rological disorders such as stroke (Betz et al., 1995; Heis- 
tad and Faraci, 1996; Lawrence, 1996) and Parkinson's 
disease (Choi-Lundberg et al., 1997). Betz et al. (1995) 
reported that intraventricular injection of adenoviral vec- 
tor carrying the interleukin-1 receptor antagonist protein 
(IL-lra) can attenuate rat brain injury caused by perma- 
nent focal ischemia. In the gene-transfected rat, the cere- 
bral infarct volume was reduced 64% compared to the 
nontreated group (Betz et al., 1995). Recent studies also 
reported that a herpes simplex viral vector carrying a glu- 
cose transporter gene has a protective effect on focal is- 
chemia injury. Ischemic hemisphere exhibited a 67% 
neuronal survival rate after being transfected with a glu- 
cose transporter gene compared to a 32% neuronal sur- 
vival rate in untransfected controls (Lawrence et al., 
1996). Bonn's laboratory has reported that injection of 
an adenoviral vector encoding glial cell line-derived neu- 
rotrophic factor (GDNF) could support the growth and 
survival of dopaminergic (DA) neurons. GDNF gene 
transfection reduced loss of DA neurons about three-fold 
6 weeks after 6-hydroxydopamine lesions as compared 
to nontreatment (Choi-Lundberg et al., 1997). However, 
the possible host immune response against viral vectors, 
which can reduce transgene expression, still remains an 
obstacle for therapeutic application. To overcome de- 
clining transgene expression caused by viral vector me- 
diation, investigators suggest using a new generation of 
adenoviral vectors or nonviral vector gene transfer meth- 
ods for the CNS to achieve stable transgene expression 
(Choi-Lundberg et al, 1997). 

Nonviral vectors. Technology for the introduction of 
DNA into cells using nonviral vectors cells includes (1) 
chemical methods, (2) physical methods, (3) receptor- 



mediated mechanisms, and (4) cationic liposome-medi- 
ated mechanisms. 

1. Chemical methods are the previously most common 
technique for in vitro DNA-mediated gene transfec- 
tion. The process of transfection involves the mixture 
of DNA with compounds, such as calcium 'phosphate 
(Graham and VanDereb, 1973) and DEAE-dextran, 
followed by exposure of the recipient cells to the mix- 
ture. This method produces a chemical environment 
that results in DNA attaching to the cell surface. DNA 
is then endocytosed by as yet uncharacterized path- 
ways and can become integrated into the host genome. 

2. Physical methods of delivering DNA include microin- 
jection (Capecchi, 1980), electroporation (Fromm et al., 
1985; Wong and Neumann, 1982), and the gene gun 
(Yang et al., 1990). The technique of microinjection en- 
tails the direct introduction of small amounts of DNA 
into the nucleus of the target cell. Electroporation ex- 
poses cells' to bursts of high- voltage electricity in the 
presence of a solution of DNA molecules in order to 
open up pores in the cell. The gene gun method involves 
the pneumatic delivery of DNA-coated gold particles 
into cell cultures under a vacuum (Yang et al., 1990). 

3. Receptor-mediated gene transfer requires that plasmid 
DNA be complexed to specific polypeptide ligands that 
are recognized by cell surface receptors (Wu et al., 199 1). 
These polypeptide ligand-DNA complexes can interact 
specifically with the receptors on the target cells and lead 
to receptor-mediated internalization. However, there is a 
potential for the DNA to be destroyed, probably by lyso- 
somal degradation within the cell. Investigators (Wagner 
et al., 1992; Curiel et al., 1991) have circumvented the 
problem of lysosomal degradation of DNA by the con- 
comitant use of adenoviruses or fusogenic peptides of the 
influenza HA protein to disrupt DNA-containing endo- 
somes. Another approach is using the folate-mediated up- 
take of DNA by the cells via the folate receptors 
(Gottschalk et al., 1993; Lee and Huang, 1996), or using 
transferrin as a receptor ligand to enhance the liposome- 
mediated gene delivery (Cheng, 19%). 

4. Cationic liposome-mediated transfection is an attrac- 
tive method for introducing genetic information into 
eukaryotic cells and tissues because of its simplicity, 
decreased toxicity and increased safety, reproducibil- 
ity and almost unlimited cell type or DNA size re- 
quirements (Hug and Sleight, 1991; Feigner et al., 
1987, 1996; Hawley-Nelson et al., 1993; Farhood et 
al., 1995; Caplen et al., 1995; Lasic and Papahad- 
jopoulos, 1995; Gao and Huang, 1995; Ledley, 1995). 
Although liposome-mediated gene transfection is a rel- 
atively recent addition to the repertoire of DNA trans- 
fection methodologies, liposomes have for a long time 
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FIG. 1. Schematic representation of liposome-mediated DNA transfection. Positively charged liposomes could partially neu- 
tralize negatively charged DNA and form a net positively charged DNA-lipid complex. This positively charged DNA-lipid com- 
plex would bind to the negatively charged cell membrane and efficiently deliver functionally active genes into the cell cytoplasm. 
Consequently, products of the transgene could secrete proteins such as nerve growth factor (NGF) from transfected cells, bind 
to the injured cell membranes, and produce neurotrophic effects. 



been used effectively to introduce drugs (Heath et al., 
1986; Storm et al, 1988; Balazsovits et al., 1989), ra- 
diotherapeutic agents (Pikul et al, 1987), enzymes 
(Imaizumi et al., 1990), viruses (Faller and Baltimore, 
1984; Wilson et al., 1977, 1979) and transcription fac- 
tors^Debs et al., 1987) into a variety of cultured cell 
lines^aruj animals. Recent progress has been made re- 
sulting in dramatic increases in transfection efficiency 
by cationic liposome mediation. Cationic liposomes, 
depending on cell line, yield from 5- to 100-fold higher 
transfection efficiencies than either calcium phosphate 
or DEAE-dextran methods of DNA delivery (Feigner 
et al., 1987). Cationic liposomes have also been used 
successfully with a number of cell types that are nor- 
mally resistant to transfection by other procedures, in- 



cluding T-cell suspensions, primary hepatocyte cul- 
tures, and PC 12 cells Muller et al., 1990). The proce- 
dure exploits the ability of cationic liposomes to trans- 
fer DNA into the cell through mechanisms not yet fully 
understood. One possible underlying mechanism is that 
positively charged liposomes partially neutralize neg- 
atively charged DNA and form a net positively charged 
DNA liposome complex. This positively charged 
DNA-liposome complex can bind to the negatively 
charged cell membrane and efficiently deliver func- 
tionally active genes into the cell cytoplasm (Feigner 
et al., 1987; Gao and Huang, 1995; Ledley, 1995; 
Schofield and Caskey, 1995). The mechanism of 
cationic liposome-mediated gene transfection is illus- 
trated by Figure 1. 
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LIPOSOME-MEDIATED GENE TRANSFER 
FOR CNS INJURY 

Recent Developments in Liposome-Mediated Gene 
Transfer 

Recent studies have employed liposome-DNA com- 
plexes to induce gene expression in peripheral tissues and 
in the CNS. A single intravenous injection of cy- 
tomegalovirus (CMV)-chloramphenicol acetyltransferase 
(CAT) expression plasmid and DOTMA:DOPE lipo- 
somes into adult mice efficiently transfected virtually all 
peripheral tissues (Zhu et al., 1993). Expression of the 
CAT gene was still detectable 9 weeks after a single in- 
travenous injection. Detailed analyses did not detect treat- 
ment-related toxicity in any animal. In other studies, gene 
expression was detected for up to 10 days after direct de- 
livery of liposome-DNA complexes into rat kidney 
(Tomita et al., 1992) or after injection under the 
perisplanchnic membrane of adult rat liver (Kato et al., 
1991). Other investigators have also concluded that the 
systemic injections of cationic liposome-DNA complexes 
into animals appear nontoxic (Stewart et al., 1992). DC- 
Chol liposomes have recently been tested on animal mod- 
els. Toxicity studies suggested that systemic injection of 
DC-Choi liposomes does not cause notable abnormalities, 
such as inflammatory responses or negative effects on 
liver enzyme function (Farhood et al., 1995). Recent an- 
imal studies of intravenous injection of liposome-DNA 
complexes suggested that repeated intravenous injection 
can produce high-level systemic transfection without host- 
immune responses (Liu et al., 1995). Luciferase and cys- 
tic fibrosis transmembrane conductance regulator (CFTR) 
gene expression could be detected in mouse lung ho- 
mogenate for at least 4 weeks after liposome-mediated 
transfection into the trachea. A recent report from a clin- 
ical trial of DC-Choi liposome-mediated CFTR gene 
transfer to cystic fibrosis patients indicated a partial 
restoration of the deficit in the patient. No adverse clini- 
cal effects were observed (Caplen et al., 1995). 

The E. coli 0-galactosidase reporter gene has been used 
to study liposome-mediated transfection in low-density 
cultures of rat hippocampal neurons. Transfection effi- 
ciency was less than 1% of the whole cell population, 
and the small fraction of transfected cells was mostly neu- 
ronal (Drazba and Ralston, 1993). Cationic lipids have 
also been used to transfect primary rodent neuronal cell 
cultures with a gene coding for 0-galactosidase (Jiao et 
al., 1992). These cells were subsequently transplanted 
into host brains of rats. 0-galactosidase was detected in 
host brains for 1 to 2 months after transplantation. Lipo- 
somes have been used to transfect neurons from the em- 
bryonic brain of Xenopus in vivo with a vector express- 
ing luciferase. At 28 days posttransfection, brains 



continued to exhibit significant luciferase activity, sug- 
gesting that some of the DNA may have become inte- 
grated into the host genome of some cells (Holt et al., 
1990). /3-galactosidase DNA complexed with liposomes 
and directly injected into brains of 1 -week-old mice has 
been reported to be incorporated and expressed by brain 
cells for up to 9 days postinjection (Ono et al?, 13^0). A 
number of cells that expressed the introduced gene were 
detectable near the ventricles. However, this study did 
not clarify cell types incorporating and expressing the in- 
jected cDNA. A recent report further demonstrated that 
injection of liposome-DNA complexes into the mouse 
brain can induce the reporter gene expression for at least 
21 days posttransfection (Roessler and Davidson, 1994). 
A continuous intracerebral infusion of liposome-DNA 
complexes has been reported to be a more efficient means 
of transferring the therapeutic genes into the rodent brain 
(Zhu et al., 1996). Significant progress has been made in 
in vivo applications of cationic liposome-mediated gene 
transfection. Recent studies have suggested that lipo- 
some-mediated gene transfer with therapeutically rele- 
vant genes has potential for treatment of neurological dis- 
orders such as Parkinson's disease (Cao et al, 1995) and 
epileptic seizures (Zhang et al., 1997). Lipofectin-medi- 
ated tyrosine hydroxylase (TH) gene has been transfected 
in animal models of Parkinson's disease by direct injec- 
tion in rat striatum. Behavioral tests demonstrated a sig- 
nificant decrease in rotational behavior after TH gene 
transfer in nigrostriatal pathway lesioned rats (Cao et al., 
1995). The cholecystokinin (CCK) gene was transfected 
by liposome-mediation in a rodent model of audiogenic 
seizures. Following intracerebroventricular injection of 
lipofection and CCK cDNA complexes, increased CCK 
mRNA was detected and* suppression of audiogenic 
seizures was observed (Zhang et al., 1992, 1997). 

Recently, substantial progress has been made to im- 
prove cationic liposome-mediated gene transfection effi- 
ciency. New techniques have achieved expression levels 
much higher than previously reported, approaching trans- 
gene expression levels achieved with adenoviral vector- 
mediated gene transfection (Feigner, 1996). Cationic li- 
posomes have been considered promising nonviral 
vectors for gene therapy (Radler et al., 1997). Polylysine 
has been employed to condense the plasmid DNA before 
the DNA is complexed with liposomes. This polylysine 
precondensation was particularly effective when trans- 
fecting the cells in the presence of serum, which poten- 
tially benefits the in vivo gene transfection (Vitiello et 
al., 1996). Another recent report suggested that liposome- 
mediated gene transfection in HeLa cells can achieve 
98-100% efficiency in the presence of transferrin. The 
mechanism of this enhancement of gene transfection is 
not clear, but one possible explanation is that it facili- 
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Table 1. Current Commercially Available Cationic Liposomes 



Trade name Composition Manufacturer 



Lipofectin 


DOTMA/DOPE 


GIBCO BRL 


LipofectAMINE 


DOSPA/DOPE 


GIBCO BRL 


CELLFECTIN 


M-TPS/DOPE 


GIBCO BRL 


DMRIE-C 


DMRIE/Cholesterol 


GIBCO BRL 


Transfectam 


DOGS 


Promega 


Tfx 


Fusogenic Lipid/DOPE 


Promega 


DOTAP 


DOTAP 


Boehringer Mannheim 



tates the entry of DNA through the transferrin-receptor 
mediation (Cheng, 1996). 

To facilitate the studies of nonviral vector-mediated 
gene transfer, the National Institutes of Health (NIH) re- 
cendy picked Gary Nabel' s group at the University of 
Michigan, Ann Arbor, as one of three national gene vec- 
tor laboratories to develop nonviral vectors for use by 
physicians around the country (Science News, 1995). 
This is the first time that NIH has made such a signifi- 
cant investment in the study of nonviral vector-mediated 
gene transfection for potential medical therapies. This de- 
cision should significantly facilitate the developmet of 
nonviral vector-mediated gene transfer. 

Rationale for Using Cationic Liposome-Mediated 
Gene Transfer to Treat CNS Injury 

Cationic liposomes are attractive alternatives to viral 
vector systems. Interest in liposomes as plasmid DNA 
carriers was rejuvenated by the development of cationic 
liposomes, which can condense DNA and increase trans- 
fection efficiency both in vitro and in vivo (Feigner et al., 
1987; Feigner, 1996; Nabel, 1993; Zhu et al., 1993; Gao 
and Huang, 1995). Cationic liposomes have several at- 
tractive features as DNA carriers. First, they are less toxic 



and nonimmunogenic. One of the advantages of synthetic 
carriers is their relative safety in comparison to viral vec- 
tors. Liposomes present little or no toxicity to the host 
(Feigner, 1993; Gao and Huang, 1995). Liposomes are 
generally nonimmunogenic and are not biohazardous, as 
they are made from biodegradable lipids. Liposomes have 
been used to deliver a variety of agents in experimental 
studies (Hug and Sleight, 1991; Nabel et al., 1992a,b; 
Mori and Fukatsu, 1992; Stewart et al., 1992; Zhu et al., 
1993). Successful clinical trials examining the effective- 
ness of liposome-mediated drug delivery have been com- 
pleted (Lopez-Berestein et al., 1985; Coune, 1988). These 
studies did not detect any significant toxicity. Liposomes 
also have been investigated as DNA carriers in both ex- 
perimental and human gene therapy protocols. There are 
no reports of significant toxicity from these studies 
(Caplen et al., 1995). Second, the procedure is simple. 
Liposomes are relatively simple to prepare and can be 
administered into the body by several different routes. 
Third, transfection can be done in many different cell 
types, including postmitotic cells: In addition to trans - 
fecting a wide variety of rapidly growing cells, liposomes 
can also transfect postmitotic, nondividing cells (Gao and 
Huang, 1995; Feigner, 1993, 1996). Fourth, there is no 



Table 2. Comparison of Gene Transfer Techniques 



Method Advantages Disadvantages 



Viral vectors 


High transfection efficiency; 


Cellular toxicity; host 




high transgene expression 


immunopathologic responses; 




levels; transfection mechanism 


replication risks; DNA size 




is well understood; HSV-1 


limitation; complex procedures. 




and adenoviral vectors have 
been shown to be useful for CNS 
gene transfer. 




Cationic liposome 


Transfects broad host cell 


Low transfection efficiency 




range including CNS cells; 


in vivo with current 




low cellular toxicity; 


commercially available 




no DNA size limitation; no host 


liposomes; transfer 




inflammatory response; simple 


mechanisms not fully understood. 




procedures. 
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DNA size limitation. Liposomes can be used to deliver 
any type (linear or supercoiled) of DNA (or RNA) with 
practically no size limitation of the nucleic acids (Gao 
and Huang, 1993a,b; Feigner, 1993). Cationic liposomes 
can complex up to almost 100% of DNA for transfection 
(Zhou et al., 1992). Fifth, liposomes can be designed to 
include necessary elements for controlled and targeted 
gene delivery (Lee and Huang, 1996). Specific tissues 
and cell types could be targeted in vivo by several ap- 
proaches. These include using promoter-enhancer ele- 
ments that are tissue- and cell-type specific, administra- 
tion of the plasmid regionally into selected tissue 
compartments (Holt et al., 1990) and coupling a target- 
ing ligand to the liposomal surface (Debs et al., 1987; 
Lee and Huang, 1996). Although the physiochemical 
properties of the liposome-DNA complex and its inter- 
action with cells are not fully understood, the results of 
successful transfection of plasmid DNA are compelling. 
Future development of iiposome-mediated gene trans- 
fection will continue to improve transfection efficiency 
and transfection specificity (Lasic and Papahadjopoulos, 
1995; Gao and Huang, 1995). Sixth, transient and low 
levels of transfection may not compromise gene therapy 
for CNS injury. Cationic Iiposome-mediated gene trans- 
fection produces transient expression that may limit its 
application for certain genetic defect disorders. However, 
liposomal transfection of neurotrophin genes may still be 
useful for treatment of CNS injury by blunting transient 
pathological processes and/or facilitating recovery. Li- 
posome-mediated gene delivery also produces a rela- 
tively low level of expression, which may be a concern 
for certain gene therapy protocols such as cancer ther- 
apy. However, we have reported that a 3-4% transfec- 
tion efficiency of Iiposome-mediated NGF cDNA trans- 
fection in septohippocampal cell cultures can produce 
almost 10- fold increases of secreted NGF protein (Yang 
et al., 1994a,b). After transferring supernatant containing 
a secreted form of NGF to PC 12 cell cultures, significant 
neurite growth was also observed (Yang et al., 1994b). 
Further studies using the same transfection paradigm 
demonstrated the rescue of neurofilament loss caused by 
neuronal injury (Hayes et al., 1995). Thus, Iiposome-me- 
diated neurotrophin gene transfection may be clinically 
applicable. Furthermore, improved designs of liposomes 
are continuously being developed for enhanced transfec- 
tion efficiency in vitro and in vivo (Lasic and Papahad- 
jopoulos, 1995; Gao and Huang, 1995). 

The opening of blood-brain barriers after injury may 
facilitate gene transfer. The presence of the blood-brain 
barrier significantly confounds the choice of routes of ad- 
ministration in gene transfection studies. Importantly, se- 
vere brain injury may provide unique opportunities for 
therapeutic applications of gene transfection. Ventricular 



cannulae are frequently used in clinical management of 
head injury patients and could be used to administer li- 
posome-DNA complexes. In addition, the breakdown of 
the blood-brain barrier following TBI offers the oppor- 
tunity for enhanced access to the CNS by cDNA-lipo- 
some complexes following injury. Although liposomes 
have been reported to cross the blood-brain barrier, other 
studies have suggested that uptake of liposomes in the 
normal brain is quite limited (Micklus et al., 1992). 

Comparison of Lipofectin versus DC-CHOL and 
Assessments of Liposomal Toxicity 

In recent years, many cationic liposomes with different 
properties have been developed. Commercially 
available cationic liposomes are listed in Table 1 . The first 
cationic lipid used for transfection was lipofectin™ N-[l - 
(2,3-dioleyloxy) propyl]-N,N,N,-tximethylammoniurn 
chloride (DOTMA) in a liposome formulation with di- 
oleoyl phosphatidyl-ethanolamine (DOPE) (Feigner et al., 
1987). Lipofectin™ has been the most extensively used 
of all commercially available liposome formulations, a 
fact that contributed to our laboratory's initial interest in 
lipofectin™. DC-Choi, which was recently developed in 
Dr. L. Huang's laboratory, has a relatively high transfec- 
tion efficiency and low toxicity (Singhal and Huang, 1994; 
Gao and Huang, 1995). This liposome has a tertiary amino 
group and a carbamoyl bond that can be hydrolyzed by 
cellular esterases, making it biodegradable and less toxic 
(Singhal and Huang, 1994). Using DC-Choi liposome as 
a carrier for cDNA in our in vitro and in vivo studies, we 
have found that DC-Choi liposomes have a relatively 
higher transfection efficiency and less toxicity than lipo- 
fectin. Recently, DC-Choi liposomes were approved by 
the FDA for a clinical trial for cancer immunotherapy 
(Nabel et al., 1992b, 1993). DC-Choi liposomes have also 
been approved in Great Britain for clinical trials of gene 
therapy for treating cystic fibrosis (Caplen et al., 1995). 
The structures of cationic lipids in lipofectin and DC-Choi 
liposomes are illustrated in Figure 2. 

Although the use of liposomes has not been associated 
with significant toxicity over a wide range of dosing pro- 
tocols, treatment of cells in culture with sufficiently high 
levels of liposomes can result in cell lysis (Feigner et al., 
1987). Different cell lines may show varying degrees of 
susceptibility. Therefore, it is important for investigators 
to conduct dose toxicity studies in individual systems be- 
ing employed. Experiments have shown that cultured rat 
septohippocampal cells, 80-90% confluent (2.8 X 105 
cells per 15-mm plate), do poorly when exposed to 5 p\ 
or more of lipofectin per well. Lysis may take up to 12 
h to occur, although signs of cytotoxicity can be detected 
at earlier posttransfection times. However, increasing 
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Lipofectin 




N- [l-(2 t 3-dioleyloxy)propyl]-N,N,N ( -trimethylammontum chloride (DOTMA) 



DC-Chol 




3p[N-(N\N' -dimethylaminoethane)carbamoyl] cholesterol (DC-Chol) 



FIG. 2. Structures of cationic lipids in liposomes. 



concentrations of lipofectin up to 3 ^il/well was associ- 
ated with increased transfection efficiency (Yang et al., 
1994a, 1995b). In vitro experiments to date in our labo- 
ratory suggest that DC-Chol liposomes have significantly 
less toxicity at concentrations associated with transfec- 
tion efficiency substantially greater than those produced 
by lipofectin (unpublished observation). In addition, it 
will also be important to consider the endpoints employed 
in assessments of toxicity. For example, lipofectin-me- 
diated transfection of cDNA for BDNF can enhance the 
recovery of neurofilament proteins following injury to 
primary septohippocampal cultures (Hayes et al., 1995). 
However, lipofectin can also lower levels of neurofila- 
ment proteins in uninjured culture systems (unpublished 
observations). Therefore, optimizing the liposome con- 
centration is critical to successful transfection. 

Rationale for the Initial Choice of Trarisfected 
Genes ($-Galactosidase, NGF, and BDNF) and 
the^we of the Cytomegalovirus Promoter 

fi'Galactosidase 

The use of /3-galactosidase cDNA offers numerous ad- 
vantages in initial transfection experiments determining 
the optimal proportions of cationic liposomes and cDNA. 
/3-galactosidase cDNA codes for a bacterial enzyme that 
is not found in humans. Functional expression of the en- 
zyme permits conversion of the colorless substrate into 



a bright blue precipitate, clearly labeling successfully 
transfected cells. This procedure is much less costly than 
determining transfection efficiency via in situ hybridiza- 
tion and irnmunohistochemical methods. 

NGF and BDNF 

There are numerous proteins potentially capable of en- 
hancing CNS recovery from injury, and a number of ob- 
servations suggest that the neurotrophic NGF and BDNF 
would be useful molecules for initial assessments of the 
therapeutic potential of gene transfection in TBI. NGF and 
BDNF have several attractive features. First, enhancement 
of cytoskeletal proteins by neurotrophins has been reported 
previously. NGF can initiate and maintain neurite out- 
growth in rat pheochromocytoma (PC 1 2) cells (Greene and 
Tischler, 1982). NGF is also associated with increased lev- 
els and enhanced phosphorylation of specific MAPs and 
with enhanced phosphorylation of /3-tubulin (Aletta et al., 
1988, 1990). Thus, NGF may play an indirect role in cy- 
toskeletal stabilization. Recent studies also indicate that 
maintenance of hippocampal cultures in the presence of 
DNF results in significant increases in neurofilament pro- 
tein (Ip et al., 1993), an observation our laboratory has ex- 
ploited in in vitro studies (Hayes et al., 1995). A second 
feature is the protection of cholinergic neurons: Exogenous 
supplementation of BDNF and NGF has been reported to 
spare septal cholinergic neurons from death and degener- 
ation following injury. NGF prevents degeneration of sep- 
tal cholinergic neurons following fimbria lesions or tran- 
section (Hefti, 1986; Williams et al., 1986; Morse et al., 
1993). NGF and BDNF increase survival of septal cholin- 
ergic neurons (Alderson et al., 1990; Winn et al., 1994) 
and increase choline acetyltransferase (ChAT) activity 
both in vitro (Alderson et al., 1990; Le et al., 1996) and 
in intact animals (Rylett et al., 1993; Scali et al., 1994). A 
recent report further suggested that intraparenchymal grafts 
of cell genetically modified to produce NGF can prevent 
cholinergic neuronal degeneration caused by fornix tran- 
section injury (Tuszynski et al., 1996b). Thus, gene trans- 
fection to enhance the availability of NGF and BDNF in 
the CNS following traumatic injury may have significant 
therapeutic potential. A third feature is improved behav- 
ioral deficits after TBI. The rodent hippocampus is pref- 
erentially vulnerable to a variety of CNS insults including 
TBI and ischemia (Hayes et al., 1991). A number of ob- 
servations indicate that TBI can result in disturbances of 
cholinergic neurotransmission associated with impaired re- 
lease of acetylcholine in the hippocampus (Dixon et al., 
1993). These cholinergic deficits may underlie distur- 
bances in spatial memory performance seen in rats after 
TBI. Recent studies have shown that administration of ex- 
ogenous NGF can reduce spatial memory deficits in rats 
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following TBI (Dixon et al., in press; Sinson et al., 1995, 
1996). Implantation of polymer-encapsulated NGF-secret- 
ing fibroblasts has been shown to attenuate the behavioral 
and neuropathologies deficits following quinolinic acid- 
induced lesions (Emerich et al., 1994). In aged rats, intra- 
ventricular NGF infusion has significantly improved spa- 
tial memory, which is considered mediated by cholinergic 
neurons (Fischer, 1991; Fischer et al., 1991). Also, NGF 
produced by genetically modified fibroblasts has been 
shown to reduce behavioral deficits including those in- 
volving spatial learning (Dekker et al., 1994). Recent stud- 
ies suggest that NGF infusions can promote functional re- 
covery in TBI rodent models [McDermont et al., in press]. 

Cytomegalovirus promoter. When the gene remains ex- 
trachromosomal, as in liposoirie-mediated gene transfec- 
tions, optimal levels of expression are likely to be 
achieved using viral promoters. Furthermore, viral pro- 
moters generally function in a broad range of cell types. 
The relative strengths of several commonly used viral pro- 
moters have been studied in different cell lines including 
primary cultures of rat mammary epithelial cells, NIH 3T3 
(Thompson et al., 1993), primary rat and human hepato- 
cytes (Fang et al., 1989; Li et al., 1992), human embryo 
fibroblasts (Giordano et al., 1992), and brain tumor cell 
lines (Dellig and Seliger, 1990). These studies indicate 
that the cytomegalovirus (CMV) is a prudent initial choice 
of a viral promoter. In primary cultures of human hepa- 
tocytes, the CMV promoter yields a higher transfection 
efficiency than RSV and SV40 (Li et al., 1992). RSV and 
CMV promoters were tested for activity in proliferating 
and quiescent human embryo fibroblasts. Differences in 
promoter activity are substantial in nonreplicating cells: 
the efficiency of the RSV promoter is not greater than 
background whereas the CMV promoter is very active. 
Furthermore, the CMV promoter exhibits two-fold greater 
activity in growing cells (Giordano et al., 1991). The 
CMV promoter also shows high activity in glioblastoma 
cell lines (Dellig and Seliger, 1990). 

Optimizing Different Ratios of cDNA to 
Liposomes Can Facilitate Transgene Expression 
in CNS Cells 

Initial experiments have shown that the ratio of nucleic 
acid to liposomes during transfection is critical for opti- 
mizing transfection efficiency in cultured cells. In vitro 
studies on septohippocampal primary cell cultures sug- 
gested that highest transfection efficiency was seen in em- 
ploying a 1:3 (DNA /Ag/liposome pi) transfection ratio, 
and less efficient transfection was observed with a 1:1 
transfection ratio (Yang et al., 1994a). The differential ef- 
ficiencies associated, with varying ratios of cDNA to lipo- 



somes are consistent with the view that the higher the net 
positive charge of DNA-liposome complexes, the better 
the interaction with a negatively charged cell membrane. 

Optimized Liposome-Mediated Neurotrophin Gene 
Transfer Can Rescue Neurofilament Loss. Caused 
by Injury ^ 

Because of the preferential vulnerability of the hip- 
pocampus to TBI or ischemic brain injury, our laboratory 
has employed primary septohippocampal cell cultures to 
determine the ability of liposome-mediated BDNF/NGF 
gene transfection to facilitate recovery of neurofilament loss 
caused by depolarization injury. After BDNF gene trans- 
fection in cultures, reverse transcription polymerase chain 
reaction (R^T-PCR) and immunohistochemical staining con- 
firmed increases in BDNF mRNA and protein expression 
in transfected cells (Hayes et al., 1995). Three days after 
calcium-dependent depolarization injury (Whitson et al., 
1995), Western blot and immunohistochemical analyses de- 
tected significant loss of neurofilament proteins in non- 
transfected cultures, whereas BDNF gene transfection 
produced marked increases in neurofilament proteins fol- 
lowing either preinjury transfection or transfection 24 h fol- 
lowing injury. Immunohistochemical studies also detected 
enhanced immunolabeling of BDNF and total neurofila- 
ment protein (phosphorylated and nonphosphorylated) in 
injured neurons following BDNF gene transfection or ad- 
ministration of exogenous BDNF protein, as compared to 
untransfected, injured controls (Hayes et al., 1995). 

Recent studies have further investigated whether 
cationic liposome-mediated NGF gene transfection could 
modulate the expression of neurofilament proteins and 
phosphorylation in CNS cells (Yang et al., 1996). Two 
days after cationic liposome-mediated NGF gene trans- 
fection in primary cell cultures, ELISA confirmed in- 
creased NGF protein expression in NGF cDNA transfected 
cells. At the same time, Western blot and immunohisto- 
chemical analyses detected significant increases in phos- 
phorylated neurofilament levels but not in the total amount 
of neurofilament protein in NGF cDNA transfected cell 
cultures. These results suggest that cationic liposome-me- 
diated gene transfection by NGF enhances neurofilament 
phosphorylation rather than protein synthesis. 

Optimized Liposome-Mediated Neurotrophin Gene 
Transfer Can Enhance Recovery from 
Cholinergic Neuronal Deficiency after Traumatic 
Injury 

Septohippocampal primary cell cultures have been 
used to determine whether or not transfection of neu- 
rotrophin cDNA-liposome complexes into CNS cells can 
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enhance recovery from cholinergic neuronal deficiencies 
(Le et aL, 1996). Employing optimal transfection condi- 
tions, pCMV/NGF cDNA was transferred into the cul- 
tures. Significant increases in ChAT, the synthetic en- 
zyme for acetylcholine, were detected following 
liposome-mediated NGF gene transfection. ChAT activ- 
ities increased by 18% within 2 days, 41% within 4 days 
and 32% within 8 days after NGF gene transfection (Le 
et aL, 1996). To examine the therapeutic effects, the same 
transfection paradigm was applied to traumatized septo- 
hippocampal cell cultures. The trauma, which is induced 
by brief calcium-dependent depolarization, caused a sig- 
nificant decrease of ChAT activity. However, in lipo- 
some-mediated NGF cDNA transfection groups that were 
transfected 1 day after TBI, ChAT activity levels were 
significantly higher than the injury-only group. These 
protective effects can also be observed by adding puri- 
fied NGF in the culture medium. However, the effect was 
not as potent as in the pCMV/NGF cDNA transfected 
group (Yang et aL, in preparation). 



POTENTIAL DIFFICULTIES THAT NEED 
TO BE RESOLVED IN FUTURE CLINICAL 
APPLICATIONS 

Transfection Efficiency and Transgene Expression 
Duration 

The efficiency of in vivo gene transfection still needs 
to be further improved, especially for nonviral vector- 
mediated gene transfer. One of the most dynamic ap- 
proaches in this area is the development of new nonviral 
vectors. Many investigators and private companies are 
making great efforts to develop new nonviral vectors, and 
there is hope that nonviral vectors with high transfection 
efficiency will be developed in the near future (Lasic and 
Papahadjopoulos, 1995). In addition to improving clini- 
cally practical routes of delivery, maintenance of appro- 
priate durations of expression poses challenges for the 
application of genetic manipulations to treat CNS injury. 
The host immune response against viral vectors, which 
can curtail transgene expression, still remains problem- 
atic <^The development of a new generation of viral vec- 
tors may- be a solution. 

Target of Transfection 

Current viral and nonviral vectors cannot target the de- 
sired cells for specific gene transfer. The ideal vector 
would be capable of delivering the gene only to a spe- 
cific group of cells in a stable and reproducible manner. 
It has been suggested that ligands complexed to the vec- 



tor can recognize the target cell and conduct ligand- 
guided gene transfer. 

Potential Toxicity 

The potential viral toxicity and immunoreactivity 
caused by viral vectors and possible cellular toxic re- 
sponses caused by certain nonviral vectors are significant 
considerations for clinical applications. Approaches to 
dealing with these problems include improving the vec- 
tor and/or developing new vectors that will not cause sub- 
sequent cytopathic responses, as well as improving de- 
livery methods, thereby minimizing host inflammation. 
Although toxicity of nonviral vectors has not been sig- 
nificant to date, future studies may reveal undesirable side 
effects not yet detected in these systems. 

SUMMARY AND CONCLUSIONS 

The current developments from studies of gene ther- 
apy for CNS injury are both impressive and promising. 
Ex vivo gene transfer in CNS is relatively mature and has 
greater than a decade of history in experimental studies. 
In vivo gene transfer in CNS has gained more attention 
recently. Viral vector-mediated gene transfer has major 
appeal due to its high transfection efficiency, and has 
been extensively investigated. Cationic liposome-medi- 
ated gene transfer is an even more recent development. 
Rapid advances in liposome technology are exciting, and 
its relatively low toxicity is appealing for clinical appli- 
cations. Many investigators consider cationic liposome- 
mediated neurotrophin gene transfer to have significant 
therapeutic potential for CNS injury. Initial laboratory 
studies suggest that liposome-mediated neurotrophin 
gene transfer has the potential to correct injury-induced 
neurofilament loss and deficits in cholinergic transmis- 
sion. Although initial in vitro studies employed cationic 
liposome-mediated gene transfection systems that may 
have considerable therapeutic applications, it will be im- 
portant for future in vivo studies to confirm that lipo- 
some-mediated neurotrophin gene transfer can enhance 
functional recovery from CNS injury. 
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Viral vectors for gene therapy 

Paul D. Robbins, Hideaki Tahara and Steven C. Ghivizzani 

Gene therapy is now being applied to the treatment of a wide variety of acquired 
and inherited diseases. One of the rate-limiting steps for successful gene therapy 
is the efficiency of gene transfer. A number of different viral systems are being 
developed for use as vectors for ex vivo and in vivo gene transfer, including 
retroviruses, adenoviruses, herpes-simplex viruses and adeno-associated viruses. 
These viral vectors have a number of specific advantages and disadvantages that 
make them suited to particular gene-therapeutic applications. This review will 
summarize the current status of the development of viral vectors for gene therapy. 



Gene therapy, the treatment or prevention of disease 
by gene transfer, has been a rapidly developing field of 
research 1-4 . Over the past ten years, gene therapy has 
been moving quickly from the laboratory to the clinic. 
Although the majority of the therapeutic trials to date 
have been phase 1 , there is reason for optimism about 
the future of gene therapy. Clinical responses have 
been noted even in these current phase- 1 studies, 
which are designed to test safety and feasibility rather 
than efficacy As the relatively new field of gene 
therapy evolves, it is likely that gene-therapeutic 
approaches will become routine and accepted 
methods for treating both acquired and inherited 
diseases. 

There are two approaches that may be utilized for 
gene therapy — an indirect, ex vivo method, in which 
cells are modified in culture and then transplanted, and 
a direct, in vivo gene-transfer method, involving the 
injection of a vector. Although the identification of 
the appropriate therapeutic gene(s) and of the target 
tissue are important for successful gene therapy, the 
rate-limiting step is still the ability to deliver the appro- 
priate gene efficiendy to the appropriate target tissue. 
There are two types of vector systems used for gene- 
therapeutic applications - viral and nonviral. For the 
most par¥; viral vectors are more effective than non- 
viral vectors for achieving high-efEciency gene transfer, 
but they have associated problems that still hinder their 
application to gene therapy, such as immunogenicity, 
pathology, targeting and/or the duration and level of 
gene expression. Nonviral vectors such as liposomes 
and DNA conjugates are nonpathogenic, but are less 
effective for gene transfer in vivo. The current status of 
the viral vectors for gene-transfer applications will be 
discussed below. 

P. D. Robbins (probb@pop.pitt.edu), H. Tahara, and S. C. Ghivizzani 
are at the Department of Molecular Genetics and Biochemistry, 
University of Pittsburgh School of Medicine, Pittsburgh, PA 15261, 
USA. H. Tahara is also at the Department of Surgery, University of 
Pittsburgh School of Medicine, Pittsburgh, PA 15261, USA. 



Retroviral vectors 

There are four types of virus currendy in clinical tri- 
als - retroviruses, adenoviruses, herpes-simplex viruses 
and adeno-associated viruses. Of these vectors, the 
majority of clinical trials to date have used murine 
leukaemia virus (MLV) -based retroviral vectors for 
gene transfer 5 ^ 7 . Wild-type MLV encodes three pro- 
teins, from the genes gag, pol and env, which are 
processed into a number of polypeptides important for 
replication, encapsidation, infection and reverse tran- 
scription. The three proteins can be provided in trans, 
allowing the generation of vectors containing only the 
as-acting elements that are required for these processes 8 . 
Cell lines that express the three viral proteins stably 
have been generated, and are termed packaging lines 9 
(Fig. la). These cell lines can be used to produce 
recombinant, replication-defective virus by either 
stable or transient transfection. Currendy, packaging 
lines that give titres of greater than 10 7 infectious virus 
particles per ml have been developed 10 . The use of 
different viral-envelope proteins, such as the G protein 
from vesicular-stomatitis virus, has improved titres 
following concentration to greater than 10 9 ml -1 
(Ref 10). 

The advantage of retroviruses is that they can stably 
infect dividing cells by integrating into the host DNA 
without expressing any immunogenic viral proteins. 
In theory, the integrated retroviral vector will be main- 
tained for the life of the host cell, continuing to express 
the gene of interest. Their disadvantages include the 
facts that the MLV-based retroviral vectors require cell 
division for stable infection, and that their coding 
capacity prevents the delivery of large genes, such as 
that encoding dystrophin. The recent development of 
vectors based on lentiviruses [such as human immuno- 
deficiency virus (HIV), simian immunodeficiency virus 
(SIV) or equine infectious-anaemia virus (EIAV)], 
which can infect certain nondividing cells, should 
allow the in vivo use of retroviral vectors for gene- 
therapeutic applications. Indeed, helper-virus-free 
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Figure 1 

(a) Method for producing helpetfree, replication-defective retroviral vectors. A packaging cell, genetically modified to express the retro- 
viral gag, pot and env gene products stably, is either stably or transiently transfected with the retroviral vector containing LTRs encoding 
the therapeutic gene (TG). Because it is only the vector that contains a psi (¥) packaging sequence and two LTRs, only vector RNA is pack- 
aged into virions. Virus produced by the producer cells contains the retroviraWector genome, which can stably infect and transduce the 
appropriate target cell, (b) Three different retroviral vector configurations can be used to express the gene of interest. For LTR-based vec- 
tors (top), initiation of transcription is regulated by the native retroviral promoter contained within the long terminal repeat (LTR) of the retro- 
virus (the site of transcription initiation and direction of RNA synthesis are indicated by the top arrow). In certain vectors, such as MFG, the 
gene of interest is inserted into the region of the virus normally encoding the env gene. For translation, the primary transcript is spliced 
(indicated by the bent arrow) using native retroviral splice-donor and acceptor sequences. For vectors with an internal promoter (middle), 
transcription is driven primarily by an exogenous promoter sequence inserted immediately upstream of the coding region of the gene of 
interest. However, there is also a level of RNA synthesis initiated from the native promoter contained within the retroviral LTR. For reverse- 
orientation vectors, an exogenous promoter and the therapeutic gene are inserted into the vector in the opposite polarity to that of the 
direction of RNA synthesis from the viral LTR. Thus, transcription of the gene of interest is driven exclusively by the exogenous promoter. 
The positions of the murine leukaemia virus (MLV) long terminal repeats (LTR), promoter (Pro), reversed promoter (orP), polyadenylation 
sites (AA) and coding regions of the therapeutic gene (blue) are indicated. * 



stocks of recombinant HIV-based vectors have been 
generated that can infect a wide range of nondividing 
cells, including neurons, islets and muscle cells 12-14 . 

There are three types of retroviral vectors currendy 
in use 5,815 , which are similar, independent of whether 
the virus is of human, murine or avian origin (Fig. lb). 

(1) The long-terminal-repeat (LTR)-based vector, 
in which the therapeutic gene is expressed from the 
promoter in the 5' LTR. An example of this type of 
vector is MFG, in which the therapeutic gene is 
inserted in place of the viral env gene 15 - 16 . The inserted 
gene is expressed from an LTR-driven, spliced mess- 



age that has a 5' untranslated sequence identical to the 
env message. Additional genes can be expressed from 
a polycistronic message in this vector using internal 
ribosome entry sites (IRESs). Indeed, up to three 
genes have been effectively expressed in MFG using 
two IRES elements 17 - 18 . 

(2) The internal-promoter vector, in which the 
therapeutic gene and/or a marker gene is expressed 
from an internal heterologous promoter. Additional 
genes can be expressed from the LTR, or the LTR can 
be mutated to prevent expression following infection of 
a target cell. The internal-promoter vectors containing 
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tissue-specific promoters can be used to facilitate high- 
level gene expression in specific cell types. 

(3) The reverse-orientation vector, in which a 
genomic sequence containing a promoter, introns and 
polyadenylation signal can be inserted. For example, 
the P-globin gene has been inserted into a retroviral 
vector in the reverse orientation, so that the regula- 
tory sequences in the 5' promoter, introns and regions 
3' to the coding sequence can be maintained 19 . In 
this way, it is possible to achieve tightly regulated, 
tissue-specific gene expression. 

Adenoviral vectors 

Adenoviruses are linear double-stranded DNA 
viruses 30-35 kb in size that can cause upper- 
respiratory and eye infections in humans. The struc- 
ture of human adenovirus type 5 and its different 
reading frames are indicated in Fig. 2. There are four 
different early genes expressed* from the viruses after 
infection (El, E2, E3 and E4), encoding polypeptides 
important for regulating viral and cellular gene expres- 
sion, viral replication and the inhibition of cellular apop- 
tosis. Late in infection, the major late promoter is acti- 
vated, resulting in the expression of polypeptides 
required for encapsidation of the virus. Adenoviruses 
can be converted for use as vectors for gene transfer 
by deleting the El gene, which is important for the 
induction of the E2, E3 and E4 promoters 20 . The El", 
replication-defective virus can be propagated in a cell 
line that provides the El polypeptides in trans, such as 
the human embryonic kidney cell line 293. A thera- 
peutic gene (or genes) can be inserted by recombi- 
nation in place of the El gene; expression is driven 
from either the El promoter or a heterologous 
promoter (Fig. 2b). 

The advantages of adenoviral vectors are that they 
can infect a wide variety of cell types, including non- 
dividing cells, and can be grown to high titres 21 . How- 
ever, the viral genome remains episomal, allowing for 
only transient gene expression. In addition, the cur- 
rent first-generation El~ viruses still express a low level 
of viral proteins after infection, resulting in a low 
level of viral replication. The viral gene expression 
can induce , a CD4- and CD8-dependent immune 
response that reduces the duration of the gene expres- 
sion in vivo 22 ' 22 '. In order to develop vectors that may 
be less inSmunogenic, more-defective viruses are being 
constructed? In particular, the deletion of some or all 
of the E4 open reading frames (ORFs) results in more- 
attenuated viruses 21 - 24-28 . However, certain second- 
generation vectors appear not to. give longer-term 
gene expression, even though the DNA seems to be 
maintained. Thus, it appears that the function of one 
or more of the E4 ORFs may be to enhance gene 
expression from at least certain viral promoters carried 
by the virus. An alternative approach to making a more 
defective virus has been to 'gut' the virus completely, 
maintaining only the terminal repeats required for 
viral replication 29 " 31 (Fig. 2c). The 'gutted', or 'gut- 
less', viruses can be grown to high titres with a first- 
generation helper virus in the 293 cell line, but it has 
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Figure 2 

Structure of adenovirus type 5 (Ad5) genome, (a) The different transcription units for 
the wild-type virus are indicated by arrows. Alternative splicing leads to the RNAs for 
early (E) f intermediate (pIX and IVa2) and late (L) genes being generated from the pri- 
mary transcripts. Proteins from the early genes are required for functions such as 
host-cell transformation and viral-DNA replication. The late genes [transcribed from 
the major late promoter (MLP)] primarily encode structural proteins of the virion. 
Inverted-terminal-repeat {ITR) sequences function as replication origins, and the w 
sequence is required for packaging of the viral genome, (b) Mutations can be intro- 
duced into the Ad 5 genome to make a replication-defective virus for gene transfer. 
When the El protein is supplied in trans by a complementing cell line, the El coding 
region can be deleted and the therapeutic gene inserted under the regulation of a 
heterologous promoter. The E4 coding region has also been deleted in second- 
generation vectors. The E3 region, involved in blocking the immune response to the 
virally infected cell, can be either deleted or retained. In addition, a temperature- 
sensitive (ts) E2A allele has been used to make a more-defective virus, (c) An alter- 
native approach to making a defective virus is to completely 'guf it, that is, to remove 
all viral coding regions from the virus, leaving only the ITRs, the W sequence and the 
therapeutic gene. 

been difficult to separate the 'gutted* vector from the 
helper virus. 

Replication-competent adenoviruses can also be 
used for gene therapy. For example, the El A gene can 
be inserted into a first-generation virus under the 
regulation of a tumour-specific promoter 32 . In theory, 
following injection of the virus into a tumour, it could 
replicate specifically in the tumour but not in the sur- 
rounding normal cells. This type of vector could be 
used either to kill tumour cells direcdy by lysis or to 
deliver a 'suicide gene' such as the herpes-simplex- 
virus thymidine-kinase gene (HSV tk), which can kill 
infected and bystander cells following treatment with 
ganciclovir. Alternatively, an adenovirus defective only 
for E1B has been used specifically for antitumour 
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treatment in phase-1 clinical trials 33 - 34 . The polypeptides 
encoded by E1B are able to block p53-mediated apop- 
tosis, preventing the cell from killing itself in response 
to viral infection. Thus in normal, nontumour cells, 
in the absence of E1B, the virus is unable to block 
apoptosis and is thus unable to produce infectious virus 
and spread. In tumour cells deficient in p53, the 
E IB-defective virus can grow and spread to adjacent 
p53-defective tumour cells, but not to normal cells. 
Again, this type of vector could also be used to deliver 
a therapeutic gene such as HSV tk. 

Herpes-simplex virus 

Herpes-simplex viruses I and II are large linear DNA 
viruses of approximately 150 kb encoding 70-80 genes 
(Fig. 3). The wild-type viruses are able both to infect 
cells lyrically and to establish latency in specific cell 
types, such as neurons. Like adenoviruses, HSV can 
infect a wide variety of cell types, including muscle, 
tumours, lung, liver and pancreatic islets. In order to 



use HSV as a vector, it has to be rendered replication 
defective. Following infection of a cell with HSV, the 
expression of a small number of immediate early (IE) 
genes is induced by a viral transactivating protein, 
VP16, which is carried into the cell as part of the viral 
tegument. The IE genes, which include ICPO, 4, 6, 
22 and 27, are themselves regulators of gene expres- 
sion that are important for the induction of the early 
and late genes required for viral replication and encap- 
sidation 35 " 38 . Mutation of ICP4 results in a virus 
unable to replicate except in a complementing cell 
line, but which still expresses the other IE-gene prod- 
ucts; these other IE proteins are toxi^to many cell 
types. Recently, vectors defective for ICP4, 22 and 27 
have been generated that have reduced levels of tox- 
icity and prolonged gene expression in culture and 
in i/iVo 35-40 . The development of vectors defective for 
all IE genes should, in conjunction with the appropri- 
ate complementing cell lines, allow the widespread 
clinical application of HSV vectors. 
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Figure 3 

Structure of herpes-simplex virus, (a) The positions of several essential and nonessential genes are indicated, as are the unique-long (U L ) 
and -short (U s ) regions of the virus, (b) The virus can be rendered defective by deleting several of the nonessential, immediate-early genes 
such as ICPO, ICP4, ICP22, and ICP27. These proteins are supplied in trans by conhplementing cell lines and/or transient transfection of 
expression plasmids. The large size of the genome (152 kb) may allow the insertion of multiple therapeutic genes. 
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An alternative approach to producing infectious 
HSV vectors is the use of amplicons. In this approach, 
a plasmid containing an HSV origin of replication and 
packaging sequence is cotransfected with cosmids 
containing the HSV genome but with a defective 
packaging sequence 41-43 . The resulting virus contains 
only plasmid sequences, thereby eliminating any tox- 
icity associated with low-level HSV-protein expression. 
Although this approach can generate a helper-free 
stock of virus, the titres are still very low. 

The advantage of HSV vectors is that they have a 
large capacity for inserting heterologous DNA, allow- • 
ing up to 50 kb to be included successfully, possibly 
consisting of multiple therapeutic genes. For example, 
four different antitumour genes have been inserted 
into a single HSV vector for use in cancer therapy 
(J. Glorioso, pers. commun.). Alternatively, HSV 
vectors can be used to obtain highly regulated gene 
expression. An RU486-hormone-regulated chimeric 
transcription factor has been inserted into HSV along 
with a promoter containing binding sites for the 
regulated transcription factor; specific, regulated gene 
expression has been observed in vivo. 

Adeno-associated virus 

Adeno-associated virus (AAV) is a member of the 
parvovirus family, small single-stranded DNA viruses 
that require a helper virus, such as adenovirus or her- 
pes-simplex virus, for replication. AAV is a human 
virus, with the majority of the population being 
seropositive for AAV, but no pathology has been asso- 
ciated with it. The virus contains two genes, rep and 
cap, encoding polypeptides important for replication 
and encapsidation, respectively (Fig. 4). These two 
genes can be supplied in trans with only the inverted 
terminal repeats (ITRs) required in cis for viral repli- 
cation. Therapeutic genes with the appropriate regu- 
latory sequences can be inserted between the two 
ITRs, and the virus generated by cotransfection into 
the 293 cell line with a rep and cap expression vector 
and subsequent infection with a first-generation adeno- 
viral vector 44 . The wild-type virus can be grown to 
high titres and is able to integrate stably into a specific 
region of chromosome 19 following infection 45 . 
However, the recombinant virus appears not to inte- 
grate site-specifically, suggesting that this integration 
requires the pres&nce of the rep protein. 

One of the rate-limiting steps in AAV infection 
appears to be the frequency of second-strand syn- 
thesis 46 . In wild-type virus infection, second-strand 
synthesis is stimulated by the presence of adenovirus 
El and E4 proteins; in the absence of adenovirus co- 
infection, unknown cellular factors appear to dictate 
the rate of second-strand synthesis. In certain cell 
types, or following treatment with DNA-damaging 
agents, the rate of second-strand synthesis is high 47-49 . 
Moreover, in several cell types, it appears that the 
frequency of viral integration is reduced. 

Although AAV may not be suitable for gene transfer 
to all cell types, the degree of infection of muscle, brain 
and liver cells with recombinant virus is exceedingly 




Figure 4 

(a) Structure of adeno-associated virus (AAV). The position of the rep and cap genes, 
the inverted terminal repeats (ITR), the viral promoters (p5, pi 9 and p40) and the 
polyadenylation site (poly A) are indicated, (b) AAV can be used as a vector by inserting 
therapeutic genes between the ITRs. 



high in vivo. In these cell types, stable infection 
and gene expression apparendy occur independently 
of the helper virus. Injection of a p-galactosidase- 
containing AAV vector into muscle has resulted in 
p-galactosidase-positive myofibres for up to two 
years 50-52 . Similarly, the injection of virus into the 
brain also has resulted in long-term gene expression 53 . 
Thus, AAV may be highly suitable for the delivery of 
genes to specific target cells in vivo, without inducing 
an immune response to the infected cells. 

Chimeric viral vectors 

One of the future directions of vector development 
for gene therapy is the generation of chimeric vectors, 
which will have certain features of two or more 
viruses. For example, either a herpes-simplex virus or 
an adenovirus could be used to deliver AAV to cells in 
which transient expression of rep would allow site- 
specific integration of the AAV vector 54 . In this way, 
a large gene could be inserted into AAV Alternatively, 
both the origin of replication and the trans-acting 
replication protein El from human papilloma virus 
could be inserted into a recombinant adenovirus vec- 
tor; following infection, the episomal genome might 
be replicated and maintained by the HPV sequences. 
Similarly, HSV or adenovirus vectors could be used 
to deliver plus-strand RNA viruses, such as Sindbis, 
to cells 55 . Such viruses that have had their virulent 
capsid genes deleted could still replicate their RNA 
in the cytoplasm, allowing high levels of protein 
production 55 . 

Summary 

Gene therapy is currently being applied to a wide 
range of diseases, both inherited and acquired. One, if 
not the, rate-limiting step to successful gene therapy is 
the efficiency of gene transfer. Currently, several dif- 
ferent viral systems are being modified for use as vec- 
tors for gene therapy, including retroviruses, adeno- 
viruses, herpes-simplex viruses, adeno-associated 
viruses and chimeric viruses. These viral vector systems 
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are currently in or approaching clinical trials, and they 
appear to be safe and well tolerated. Although it is 
likely that no single virus will be useful for all 
gene-therapeutic applications, with further develop- 
ment, viral vectors should become usable in specific 
gene-therapeutic applications. 
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DNA cancer vaccines: A gene gun approach 
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department of Surgery and 2 University of Wisconsin Comprehensive Cancer Center, University of Wisconsin School of 
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Summary A wide variety of approaches, all using gene transfer, have been tested experimentally as alterna* 
tive means to vaccinate against cancer, either prophylactically or therapeutically. These include both ex vivo 
and in vivo gene transfer to tumour and/or non-tumour cells, using both viral and non-viral vectors. The trans- 
ferred DNA has varied widely as well, including genomic or cDNA encoding tumour-associated or oncofoetal 
antigens, cytokines, histocompatibility molecules, and costimulatory molecules. Several of these approaches 
have been applied in human clinical trials. This review summarizes those approaches, then compares and 
evaluates various methods using cytokine DNA in conjunction with autologous tumour cells, with particular 
emphasis on particle-mediated gene transfer via a gene gun. Finally, prospects and needs for further develop- 
ment are discussed. 

Key words: cancer, DNA, gene therapy, vaccines. 



Introduction 

Recent advances in gene therapy research, nucleic acid vacci- 
nation methods, and cancer immunotherapy have provided 
opportunities for the application of these emerging technolo- 
gies to the development of DNA vaccines for cancer. As 
recently reviewed by Roth and Cristiano, 1 Rosenberg 2 and 
others, 3-5 new approaches for cancer vaccines or cytokine- 
mediated cancer gene therapy have attracted many clinical 
investigators and molecular biologists in a concerted effort to 
explore this new research area. A number of quite distinct 
approaches, all using gene transfer, have been tested as alter- 
native means to vaccinate against malignancies. These 
include: (i) the use of cDNA expression vectors encoding 
foreign class I or class II MHC antigen(s) for ex vivo or in 
vivo transfection of target tumour cells, with the aim of creat- 
ing an immunostimulatory environment that might facilitate 
an immune response to not only the alloantigen-transfected 
tumour cells, but also to the non-transfected parental 
tumour; 6-8 (ii) the use of vectors expressing various cytokine 
transgenes (most notably granulocyte/macrophage colony- 
stimulating factor (GM-CSF)) to transfect ex vivo the weakly 
immunogenic animal tumours such as the B16 melanoma 
line, or human patients' autologous tumour cells, and then 
vaccinate the animals or cancer patients with the cytokine- 
expressing tumour cell vaccines, aiming to induce or augment 
the patient's immune response at the vaccine site, with the 
hope of obtaining a systemic antitumour response that 
extends to non-transfected, distant tumours ; 59 ~ 12 (iii) the 
same approach as described in (ii), except that actively divid- 
ing fibroblasts from test animals or from human patients are 
employed as bioreactor cells for transgenic cytokine expres- 
sion, and these cells are mixed and coinoculated with cells 



Correspondence: Dr Ning-Sun Yang, University of Wisconsin 
Comprehensive Cancer Center, 600 Highland Avenue, Madison, WI 
53792, USA. Email: <nsyang@aol.com> 

Received 31 July 1997; accepted 31 July 1997. 



from tumour explants as DNA/cancer vaccine prepara- 
tions; 13-15 (iv) the transgenic expression of CD80 (B7.1) co- 
stimulatory molecules in tumour cell vaccines for increased 
immune responses against target tumours; 11 * 15 - 17 (v) use of 
vectors encoding natural tumour-associated antigens (TAA; 
such as gplOO, MART-1, MAGE antigens, tyrosinase) for 
DNA vaccination or breaking of tolerance against targeted 
melanoma or other cancers; 12,18 (vi) the use of gene(s) for 
oncofoetal antigens such as carcinoembryonic antigen for 
DNA vaccination against specific tumour types (e.g. colon 
cancer); 19 and (vii) potentially a combination of one or more 
of the above DNA vaccination methods in a * cocktail* 
approach. 5 ^ 1 1 - 12 - 14 - 16 

In addition to the increasing number of potential DNA 
cancer vaccine strategies, as. already described, a variety of 
means and tools have been evaluated for the gene delivery 
itself. Using primarily mouse model systems, most gene 
therapy investigations to date have employed virus-mediated 
gene transfer systems, 1,318 including replication-deficient 
retrovirus, adenovirus, adeno-associated virus and vaccinia 
virus, to deliver usually one or two transgenes. Non-viral 
gene delivery methods have also been developed, in the hope 
of achieving improved safety or reduced immunoreactivity 
compared to viral vectors. 1 - 3 * 4 ' 8 ' 20 A number of non-viral 
vector systems, including liposomes, naked DNA and 
particle- or gene gun-mediated DNA delivery have also been 
employed, modified and improved for ex vivo or in vivo gene 
transfer of DNA vaccines into target tumours, or into 
admixed or adjacent normal cells or tissues. In this short 
review, because of our own research experience and our pro- 
jection for an increased future application of the technology, 
we have chosen to focus on the specific example of gene gun- 
mediated transfection of GM-CSF cDNA into target tumour 
cells. Around this focus, we will address the various impor- 
tant and emerging issues related to DNA cancer vaccines, 
including the efficiency and pattern of transgene expression, 
the degree of efficacy in animal models, and the prospects 
and potential pitfalls for application to human clinical trials. 
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Cytokine gene-transfected tumour cells as cancer 
vaccines 

Stimulation of a patient's own immune effector cells to kill 
autologous tumour has been the elusive target of a number of 
studies of cytokine therapy in patients with cancer. For this 
strategy to effectively eradicate an established tumour, that 
may or may not have metastasized, a tumour-specific immune 
response must be generated where no response, or even a 
tumour-enhancing response, existed previously. The assump- 
tion of most cytokine gene or cytokine protein therapy trials 
is that the response of immune effector cells can be greatly 
stimulated or augmented by exogenously or transgenically 
administered cytokines, resulting in activation of specific T 
cells or non-specific, inflammatory cell activities. Either or 
both of these cellular immune activities are hoped to be suffi- 
cient to mediate a potent anti tumour response. Stimulation of 
the immune system by exogenous cytokines has effectively 
eradicated certain immunogenic tumours in rodent models. 21 
However, translation of these animal studies to human cancer 
clinical trials has been much less promising. 2223 The most 
successful human studies in patients with non-resectable 
tumours have focused on treatment with IL-2, IL-2 plus ex 
v/vo-stimulated autologous lymphocytes, or IL-2 plus other 
cytokines such as IFN-ot or GM-CSF. 23 " 27 In most cases, the 
best responses were obtained in patients receiving high 
cytokine doses. 23 Further escalation of the cytokine dose was 
most often precluded by the associated systemic toxicity. 28 
High but localized cytokine doses, administered in the 
vicinity of tumour cells, were then contemplated as an alter- 
native means to generate a systemic immune response. Such 
an approach, to achieve high local cytokine levels without 
systemic toxicity, has been the object of intensive experimen- 
tal investigations. A number of ex vivo and in vivo gene 
therapy strategies provide a possibility for this approach. 

A number of animal studies have shown that vaccination 
with tumour cells transfected with specific cytokine gene 
expression vectors can protect animals from subsequent chal- 
lenge with wild-type tumours. 1 " 11 ' 29 * 30 Dranoff et al? using 
retrovirally transduced tumour cells in the poorly immuno- 
genic B16 mouse melanoma model, injected those cells in 
vivo and achieved a vaccinating effect against parental B16 
cells. The greatest protective effect was achieved with GM- 
CSF expression and required cytokine production above a 
given threshold level. 9 We have recently confirmed this 
dosage observation in the same B16 melanoma model, using 
a gene gun for gene transfer to the tumour cells, and further 
demonstrated that genetic vaccination with cells expressing 
GM-CSF was more effective than similar treatment with cells 
expressing IL-2, IFN-y, or IL-12. 10 - 31 

Several clinical gene therapy protocols are likewise based 
on^itelivery of cytokine DNA to clonal tumour cell popula- 
tion s. 32% This approach was used because retroviral vectors 
can only effectively infect replicating cells. 33 General appli- 
cation of the retroviral approach is limited by the fact that 
after tumour resection, often only a very small population of 
tumour celis may be dividing or capable of being induced to 
proliferate in culture. Furthermore, the cell culture periods 
employed by most tumour vaccination protocols may cause a 
shift or reduction in the spectrum of cellular phenotypes and 
potential tumour antigens present. Thus, a gene transfer tech- 



nology that can be effective immediately following tumour 
biopsy or resection, and can yield sufficient production 
of transgenic immunomodulatory proteins, may provide a 
highly desirable cancer vaccine approach. 

GM-CSF -transfected autologous tumour cells as cancer 
vaccines: Rationale and limitations 

Vaccination of animals with irradiated tumour cells alone has 
been shown to prevent growth of subsequent tumour in 
immunogenic murine tumour models, but had minimal pro- 
phylactic effect in non-immunogenic tumour models such as 
the B 1 6 melanoma. We have confirmed in animal studies that 
vaccination with tumour cells transfected with cytokine genes 
can protect animals from subsequent challenge with wild- 
type tumour. 10 Specifically, particle-mediated trans fection of 
the B16 mouse melanoma cell line, with the murine GM- 
CSF-expressing plasmid vector pWRG-3142, resulted in 
high-level expression of the transgenic mGM-CSF protein in 
the tissue culture supernatant that was sustained for 10 days 
in vitro. When 1 x 10 6 gamma-irradiated mGM-CSF-trans- 
fected B16 cells were implanted as a s.c. vaccine, 58% of test 
mice were protected from subsequent challenge with 1 x 10 s 
non-irradiated, non-transfected parental tumour cells. In con- 
trast, only 2% of mice were protected from the same 
challenge when the vaccinating B16 cells had been trans- 
fected with control (luciferase) DNA (Fig. 1). Furthermore, 
the tissue space surrounding the mGM-CSF-transfected, but 
not the control-transfected, tumour vaccine was dominated by 
an inflammatory infiltrate. Both the antitumour effect and the 
histological results confirm that transgenic expression of 
GM-CSF results in functional activity in vaccinated mice. 

Similar results from a number of laboratories have led to 
many proposed human gene therapy trials based on ex vivo 
transfer of GM-CSF expression vectors into tumour cells (see 
reference 1). The key differences among the various clinical 
trials are related to the method of gene transfer into the auto- 
logous tumour cells and to the tumour type targeted for study. 
It is essential to consider the design of the preclinical studies 
that served as an impetus to these clinical trials. A major con- 
cern about these protective preclinical experiments is the lack 
of a model that demonstrates the killing of an established 
tumour. The current protection models may translate to adju- 
vant therapy trials but may not predict antitumour effects in 
patients with non-resectable established tumour(s) (a typical 
patient in phase II trials), and thus the putative efficacy may 
not be demonstrated in clinical trials. 

All preclinical models and human trials require appropriate 
expression of the candidate therapeutic cytokine transgene(s). 
As a great majority of clinical tumour cell vaccine studies are 
designed to use irradiated tumour cells and as, with the gene 
gun or other non-viral techniques, the cytokine gene is rarely 
integrated into the tumour DNA, genetic safety concerns with 
this approach are minimal. Thus, such ex vivo gene transfer, 
cancer vaccine approaches are considered to have met the 
established, very stringent genetic safety standard. 

The potential transgenic expression of GM-CSF in situ can 
be estimated from the expression level detected in the same 
cells in culture or, alternatively, from the level of transgenic 
protein detected in biopsy samples from tissue sites implant- 
ed with transfected tumour cells. Each of these approaches 
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Figure 1 Survival time of immunized mice. C57B1/6 mice were 
immunized with 1 x 10 6 y- irradiated murine B16 melanoma cells 
transfected with (X) mGM-CSF or (•) luciferase cDNA in identical 
plasmid expression vectors. Seven days after vaccination, each 
animal was challenged on the contralateral abdominal site with 1 x 
10 5 live parental B16 rumour cells. Tumours present were measured 
by taking two perpendicular measurements with calipers. When the 
tumour area exceeded 100 mm 2 , the mouse was killed, and the 
interval between challenge and sacrifice was used as the individual 
survival time. All surviving animals were followed for at least 90 
days. Results are cumulative data from eight independent experi- 
ments involving a total of 122 animals (65 receiving GM-CSF- 
transfected tumour cells, and 57 receiving luciferase-transfected 
tumour cells as the vaccine). No differences were noted among the 
eight experiments, for either the mGM-CSF-transfected vaccine 
groups (Chi-squared, 7 d.f. = 8.4) or the control-transfected vaccine 
groups (Chi-squared, 7 d.f. = 7.4). The difference between the 
mGM-CSF and control groups was statistically significant (Chi- 
squared, 1 d.f. =93.4; P~ 0.0001). Reproduced from Hum. Gene 
Ther. 1996; 7; 1535^3 by copyright permission of Mary Ann 
Liebert, Inc. Publishers. 



has its advantages and disadvantages. A dose-response effect 
has been noted in murine models by Dranoff et al. 9 and con- 
firmed by our group. 34 The generation of local GM-CSF con- 
centrations can be as low as 10 ng/10 6 cells per 24 h and still 
be effective. This seems to be largely independent of the 
number of tumour vaccine cells; thus, the local cytokine con- 
centration can be enhanced by increasing the number of 
DNA-treated tumour cells injected at the vaccine site. Trans- 
lation of these murine data to humans requires the assumption 
that local cytokine/tumour/effector cell interactions are not 
only similar in rodents and primates, but basically indepen- 
dent of animal size. This may be a reasonable assumption but 
remains unproven. A number of methods of cytokine gene 
transfer into the autologous tumour cells have been proposed, 
including the use of retrovirus, adenovirus, liposomes, and 
microscopic gold particles as vectors for gene transfer. Three 
methods are now under investigation in various approved 
clinical trials, as detailed below. 

Techniques in current clinical trials for cytokine gene 
transfer to autologous tumour cells 

For cancer gene therapy studies, retroviral insertion of GM- 
CSF, IL-2, IL-12 or IFN-? DNA has been the focus of most 



clinical trials to dale. Among these, GM-CSF is the most 
intensively studied. All retrovirus-mediated gene transfer 
trials require culture of rapidly dividing, autologous tumour 
cells which can be effectively infected with a non-replicating 
retrovirus. When an adequate number of transduced cells are 
generated, an irradiated intradermal tumour vaccine is placed. 
This protocol is designed to result in stable transgenic GM- 
CSF expression at a sufficient level, in a relatively homoge- 
neous tumour cell population, and is without ^ipificant 
safety concerns. The apparent negatives are: (i) me s&ort-terrn 
expression inherent in all tumour cell vaccine strategies (the 
tumour vaccine cells will soon be killed if the vaccine is 
effective); (ii) the need for prolonged cultivation, often last- 
ing 1-3 months, which may limit the routine application of 
this procedure for reasons of time and treatment cost; and (iii) 
the selected, mitotically active population of tumour cells 
derived from enrichment in culture, which may select an 
antigenically limited subpopulation from the original tumour 
cell explant. 

Adenoviral and adeno-associated viral vectors have also 
been employed for DNA delivery in cancer vaccine research 
and clinical trials. Adenovirus (AV) apparently can transduce 
non-dividing cells, and high-level transient expression is a 
unique feature of the AV vectors. Immunity against viral 
proteins of AV vectors at high multiplicity of infection may 
be problematic for certain clinical cancer vaccine approaches. 
Adeno-associated virus (AAV) is valued for its site-specific 
integration of transgenes into genomic DNA of the target 
cells. Adeno-associated virus has a very limited genome and 
transgene loading capacity, which can be a disadvantage. 

A third class of technique for tumour cell transaction is 
the delivery of naked DNA without a viral vector. Several 
methods to avoid the need for tissue/cell culture manipulation 
have been evaluated, including direct transfer of DNA into 
tumour in situ, and immediate transfection of freshly explant- 
ed tumour cells. For direct gene transfer, DNA can traverse 
the cell membrane by physical means such as a gene gun (or 
particle-mediated gene transfer; PMGT) or by active uptake 
by the cells (as DNA alone or as DNA-liposome complexes). 
The PMGT method is now the focus of a clinical trial. This 
technology may have some advantages over virus-mediated 
gene transfer methods. Because the DNA is physically pro- 
pelled into the targeted cell, active uptake (as in endocytosis 
of liposomes) or infection is not required. This feature allows 
transfection of non-dividing cells and avoids the need for 
specific receptors or cell functions that may be limited to 
particular cell types. Cell culture manipulation is not neces- 
sary, and this may result in significant cost savings relative to 
virus-mediated gene transfer. Potential disadvantages of 
PMGT include the relatively short period (7-10 days) of 
transgene expression, and the lack of a homogeneous, divid- 
ing tumour cell population for administration as a vaccine. 
However, a homogeneous, mitotically active tumour cell pop- 
ulation may, in fact, not be a desirable feature as the original, 
heterogeneous tumour explant cell population may present 
more antigens to the patient's immune system. The schema 
for a gene gun-mediated, human cancer vaccine trial 
currently, accruing patients is outlined inJFig. J2.__ All steps 
from tumour removal to implantation of DNA-transfected 
tumour cells can be accomplished in less than 6 h. 
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Figure 2 Schema for clinical treatment protocol in a gene gun- 
mediated cancer DNA vaccine trial, in which granulocyte/ 
macrophage colony -stimulating factor (GM-CSF) cDNA is trans- 
ferred into autologous tumour cells ex vivo. This ongoing phase I 
trial addresses the toxicity of two dose levels of GM-CSF DNA- 
transfected tumour cell vaccines. The dose is controlled by varying 
the per cent of transfected cells in the gamma-irradiated tumour cell 
vaccine. Group 1 patients receive an immunization in which 10% of 
the cells are exposed to transfection with the GM-CSF gene and 90% 
are not transfected. This cell mixture is placed intradermally in two 
separate sites as tumour vaccines. The number of rumour cells is held 
constant between groups. Group 2 patients receive an immunization 
in which 100% of the tumour cells have been exposed to particle- 
mediated gene transfer of GM-CSF. The second group will receive 
GM-CSF doses comparable to a biologically effective dose as 
defined in murine trials. 



Future prospects 

Gene transfer technologies 

A majority of the research related to gene therapy has neces- 
sarily focused on technological development of gene delivery 
systems. The rapid proliferation of experimental and clinical 
gene therapy studies has also been driven by the increasing 
variety of vectors for gene delivery. Fortunately, many differ- 
ent viral and non- viral gene delivery systems have proven in 
general to be safe, reliable and efficacious. Ex vivo methods 
such as the gene gun technique, that bypass the need for cell 
culture, have allowed the targeting of (a) non-dividing cells, 
(b) multiple cell types (including skin dendritic cells, for 
example) that may better present tumour antigens to the 
immune system, and (c) solid tumours accessible surgically. 
The treatment of malignant conditions such as leukaemia, 
that are not readily amenable to current means of gene trans- 
fer, will require a targeting system that specifically targets the 
malignant cells and then inserts the gene of interest, all with- 
in the circulation. 

Candidate therapeutic genes 

Although current trials have focused largely on GM-CSF, 
pluses few studies of interleukins (IL-2 and IL-12) and inter- 
ferons, new discoveries will likely soon change our under- 
standing of various immunological phenomena and lead to 
therapies aimed at different means to enhance the immune 
response to autologous tumours. The explosive advancement 
in the molecular biology of the immune response has expe- 
dited the (sometimes monthly) identification of genes encod- 
ing new and promising cytokines, chemokines and immune 
costimulatory or modifier signals. 



The presently available genes, and those still to be discov- 
ered, may not function optimally as a single drug. DNA vac- 
cine cocktails encoding combinations among cytokines, his- 
tocompatibility (HLA) molecules, costimulatory molecules 
such as CD80 (B7.1), and tumour-associated antigens such as 
gplOO and MART-1, may prove to be more effective than 
singular treatment. Similarly, combinations of therapeutic 
modalities, such as gene therapy plus systemic cytokine pro- 
tein therapy, may be superior to any of these approaches 
alone. 

Target tissue/ cell type for transfection 

In most studies to date, the target tissue for gene transfer has 
been syngeneic or autologous tumour. Recent studies suggest, 
however, that professional APC such as dendritic cells and 
macrophages may be superior immune stimulants. This may 
lead to many interesting trials with antigen-encoding DNA 
for tumours such as melanoma, that have defined cell surface 
antigens, but may have reduced relevance in other common 
malignancies unless new tumour-specific antigens are identi- 
fied. 

We have previously demonstrated the capacity of gene 
gun-mediated DNA transfer to achieve transgenic expression 
in a wide range of freshly excised tissues, cell explants, cells 
collected from body fluids, biochemically processed cell 
aggregates or tissue clumps, and primary cell cultures derived 
from these tissue sources (see review in reference 4). Thus, 
there is a high probability that this purely physical means for 
gene transfer may provide an efficient and convenient gene 
transfer system for generic application to clinical tumour cell 
samples, for the production of DNA-transfected cancer cell 
vaccines. This projection is supported by a recent tumour 
vaccine study comparing the efficacy and efficiency of retro- 
viral and gene gun methods for ex vivo gene transfer to 
tumour cells (T Tiiting and MT Lotze, pers. comm. 1997). 

Establishing clinical relevance 

To date, the clinical relevance of biological therapy for can- 
cer has only been established in patients with high-risk, but 
completely resected melanoma. The efficacy of gene-based 
biological therapy must not solely be confined to phase I 
trials with various biological end-points, no matter how 
scientifically interesting, but must be extended to well- 
designed phase II and III clinical trials. Only then will this 
technology have demonstrated its clinical relevance in human 
disease. 
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ABSTRACT 

We transduced osteoprogenitor cells with recombinant retrovirus and analyzed proviral integration patterns into 
chromosomal DNA to detect for the first time the clonal and cellular fate of osteoprogenitor-derived progeny cells. 
Metaphyseal bone cells and diaphyseal stromal cells were isolated from the distal femurs of young rats, transduced 
with the \M5neolacZ recombinant retrovirus, and selected in the neomycin analog, G418. Following surgical 
marrow ablation of a femur in one leg of mature rats, retroviral-transduced metaphyseal or diaphyseal cells were 
injected into the ablated site. These rats were killed 5-6 days later. Metaphyseal and diaphyseal cells were isolated 
from distal femurs, selected in G418, and stained for 0-galactosidase (0-gal+). Tne number and clonal origin of 
transduced progenitor cells were determined. High numbers of /3-galactosidase colonies with an osteoblast 
phenotype were obtained following metaphyseal transplants and detected in 100% of metaphyseal and none of 
diaphyseal specimens. In contrast, 0-galactosidase colonies derived from diaphyseal transplants were detected in 
50% of specimens in both the metaphysis and diaphysis, and the absolute number of progenitor cell colonies was 
60-fold less than metaphyseal transplants. Provirus was only detected in the ablated bones and not in the 
contralateral bone or other tissues. Proviral integration fragment analysis showed a single integration site for 
recovered metaphyseal cell clones, consistent with their origination from a common single progenitor. This is one 
of the first demonstrations of successful transplantation of clonal osteoprogenitors to their site of origin in bone. 
It may be possible to use these cells to target genes to bone for therapeutic use in skeletal and hematopoietic 
diseases. (J Bone Miner Res 1998;13:20-30) 



INTRODUCTION 

The process of bone formation involves the continual 
generation of newly formed osteoblasts, which generate 
new bone as they proceed to terminal differentiation. This 
continual supply of osteoblasts is sustained by a supporting 
population of mesenchymal stem cells and intermediate 
osteoprogenitor cells/ 1 ' 2 * The precise location of these re- 
positories of mesenchymal stem and osteoprogenitor cells, 
as well as the interval between the onset of stem and 
progenitor cell proliferation to differentiated bone cells, is 
not well defined. In postnatal bone, repositories of mesen- 
chymal stem cells may lie within the marrow, periosteum, 
and muscle connective tissue. (3 " 9) For example, cells from 



these sites differentiate into bone when transplanted into 
ectopic sites in vivo, or when cultured in vitro in the pres- 
ence of supplements such as vitamin C, /3-glycerolphos- 
phate, and dexamethasone. (3 * 6 * 7 ' 9 ~ 12) However, the exact 
role and contribution of cells from these sites to normal 
bone homeostasis in vivo is not clear. 

In long bones of young rats, using [ 3 H]thymidine or 
bromodeoxyuridine uptake, we and others have demon- 
strated that, within the primary spongiosa, in the transition 
zone between hypertrophic chondrocytes and trabecular 
bone, proliferating osteoprogenitor cells are predominantly 
localized to the region subjacent to the growth plates and 
cortical endosteum. (13_15) Proliferative cells subjacent to 
the growth plates provide the osteoprogenitors for trabec- 
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ular bone of the metaphyseal primary spongiosa, while 
those subjacent to the endosteum contain mostly the pre- 
cursors for hematopoietic cells and the various subpopula- 
tions of stromal cells, including diaphyseal endosteal osteo- 
blasts. We also reported that parathyroid hormone (PTH) 
targets the proliferating osteoprogenitors in primary spon- 
giosa to increase the number differentiating into functional 
osteoblasts. (16 ' 17) 

We recently isolated the primary spongiosa cells of young 
rats for in vitro studies. (15,18> These cells retained their 
ability to proliferate and differentiated to osteoblasts. We 
hypothesized that these isolated primary spongiosa cells 
included a small subset of cells that would be progenitor in 
nature. We investigated whether these cells from young, 
rapidly growing rats could successfully compete with endog- 
enous repopulating proliferating osteoprogenitors when re- 
implanted into an ablated femur of an adult rat. The aim of 
the present study was to develop a somatic gene transfer 
technique to infect proliferating bone cells, ex vivo, with a 
replication-defective retrovirus encoding the neomycin re- 
sistance gene, neo, and the histochemical reporter gene, 
lacZy and then to map the fate of these cells when reim- 
planted in vivo. 

Within a week of implantation, hundreds of /3-gaIactosi- 
dase positive colonies of primary spongiosa cells were re- 
covered only from metaphyseal sites. In contrast, in diaph- 
yseal sites, the number of 0-galactosidase positive colonies 
recovered was 60-fold less, and these were detectable in 
only —50% of the sites. Analysis by polymerase chain re- 
action (PCR) showed the provirus to be present only in the 
ablated bone and not in any other organ or the contralateral 
leg bones. Southern analyses showed a single integration 
site for recovered primary spongiosa cells, suggesting the 
proliferation of a single parent progenitor. Our results show 
successful selective transplantation of clonal osteoprogeni- 
tors to their site of origin in bone and also support the 
hypothesis that, like stem and progenitor cells in the hema- 
topoietic system, a low number of primitive proliferating 
cells can generate a clonally expanded population of com- 
mitted osteoprogenitors. 



MATERIALS AND METHODS 

Chemicals and reagents 

Tissue culture reagents were obtained from GIBCO BRL 
(Grand Island, NY, U.S.A.). Fetal bovine serum (FBS) was 
from Hyclone Laboratories (Logan, UT, U.S.A.). Geneticin 
(G418) was obtained from Sigma (St. Louis, lyfO, U.S.A.), 
and^ft- 32 P]dCTP was purchased from New. England Nu- 
clear Corp. (Boston, MA, U.S.A.). Taq polymerase and the 
reagents for DNA amplification were purchased from Per- 
kin Elmer Cetus (Norwalk, CT, U.S.A.) and used as rec- 
ommended by the manufacturer. All other molecular biol- 
ogy reagents were obtained from Boehringer Mannheim 
(Indianapolis, IN, U.SA.) and used as suggested by the 
manufacturer. General laboratory chemicals were from 
Sigma. 
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FIG. 1. Structure of the retroviral vector pMSneolacZ. 
The parent vector pMSneo was obtained from C. Stock- 
ing/ 4 * 0 A 3.7 kb BamUl lacZ fragment was£a/wHI adapted 
and ligated into the unique BamW\ site, B, in the pM5neo 
retroviral backbone. The neo gene previously cloned into 
the backbone 3' to splice acceptor sequences renders cells 
resistant to the neomycin analog G418. Both genes are 
transcribed from the 5' LTR. D, Dra\ restriction endonu- 
clease cleaves the provirus only once and allows for the 
creation of junctional fragments containing proviral and 
genomic DNA. 

Animals 

Young and mature virus-antibody-free male Sprague- 
Dawley rats, 70-100 g and 245-255 g, respectively, were 
purchased from Harlan Laboratories (Indianapolis, IN, 
U.S.A.) and fed Purina rat chow (calcium 1%, phosphate 
0.61%; PMI Feeds, Inc., St. Louis, MO, U.S.A.) and water 
ad libitum. The young rats were used as the source of meta- 
physeal and diaphyseal osteoprogenitor cells. The mature rats 
were used as hosts for cell transplantation. Animal protocols 
were approved by the Lilly Animal Care Committee. 

Retroviral vector 

The vMSneolacZ retrovirus contains the cDNA of the 
neomycin resistance gene neo and the histochemical re- 
porter gene lacZ and has been previously described (Fig. 1), 
There is a unique Dra\ restriction endonuclease site within 
the lacZ cDNA of the provirus. Dral digestion of genomic 
DNA encoding the provirus allows for the creation of 
unique DNA integration fragments that contain both pro- 
viral and flanking genomic DNA sequences. The length of 
the flanking genomic DNA identified in the fragments is 
variable and dependent on the location of the most proxi- 
mal Dfa\ site in genomic DNA adjacent to the provirus. 
Hybridization of DNA with a radiolabeled BamH\-Clal 
fragment of lacZ as a probe allows detection of the 5' 
region of the provirus and genomic DNA flanking the 
provirus. Hybridization of DNA with the neo probe allows 
detection of the 3 'region of the provirus and DNA 3' to the 
proviral integration site. The retrovirus plasmid was pack- 
aged in the GP+E86 packaging line, and the clone used for 
all experiments had a titer of 1 X 10 6 G418r cfu/ml on 
NIH3T3 cells and was determined to be free of replication- 
competent virus. (19,20) Virus production, titering of recom- 
binant supernatant, and evaluation for the existence of 
replication-competent virus from packaging cells and ani- 
mals were performed as previously described/ 1 9f21) 

Harvest and cultivation of metaphyseal and diaphyseal 
marrow osteoprogenitors 

Metaphyseal and diaphyseal osteoprogenitor cells were 
obtained from the distal femur of young rats as previously 



22 



ONY1A ET AL. 



described/ 15 * 18 * Cells obtained using this procedure are 
80-90% morphologically homogenous, rapidly differenti- 
ate, and display osteoblastic characteristics such as high 
alkaline phosphatase (ALP) expression, cyclic adenosine 
monophosphate (cAMP) accumulation in response to PTH, 
the ability to synthesize predominantly type I collagen, and 
the ability to retain the capacity to form calcified bone-like 
tissue in vitro. 0 5) Following euthanasia, femurs were re- 
sected, and all exterior connective tissue, including perios- 
teum, was completely removed and bone cell cultures pre- 
pared as described/ 15,18 ^ 

Metaphyseal bone cultures 

The distal epiphysis was removed, and a subjacent 2-3 
mm band of the primary spongiosa was resected (metaph- 
yseal section), minced, and digested for 1 h at 37°C in 
trypsin (Sigma). After neutralization of trypsin with trypsin 
inhibitor (Sigma), cells were filtered through a 70 /xm pore 
cell strainer (Becton Dickinson and Co., Lincoln Park, NJ, 
U.S.A.) and counted. Cells were plated at 1-2 X 10 6 cells/ 
100-mm plate in alpha-modified essential medium 
(a-MEM; GIBCO BRL), with 20% FBS and 1% penicillin- 
streptomycin (GIBCO BRL), and maintained at 37°C in 
95% humidity with 5% C0 2 . The medium was replaced 
every 3-4 days, with a-MEM containing 10% FBS and 1% 
penicillin-streptomycin. 

Diaphyseal marrow culture 

The diaphyseal middle third of the same femurs was cut 
out and the marrow flushed with fresh a-MEM containing 
10% FBS and 1% penicillin-streptomycin, and prepared as 
single-cell suspensions. Cells were counted and viable cells 
plated at 1-2 x 10 7 cells/100-mm plate and maintained at 
37°C in 95% humidity with 5% C0 2 . As described by Owen 
et al., (22) cells were allowed to adhere in the absence of 
media changes for 6 days, and then media was changed 
every 3-4 days. 

Alkaline phosphatase activity 

After colonies or aggregates were established, medium 
was replaced by fixative and cells processed for histochem- 
ical staining with ALP, using sigma kit 245 (Sigma). In 
confluent cell cultures, cell-associated ALP activity was 
quantitated by a colorimetric method as previously de- 
scribed^ and expressed in enzyme units as micromoles of 
p-nitrophenol phosphate (PNP) cleaved per hour per mil- 
ligram of protein (data not shown). 

Transduction with retroviral vectors 

Primary cultures of metaphyseal and diaphyseal osteo- 
progehitor cells were subcultured at 5 X 10 5 cells/100-mm 
plate 1 day prior to infection. Retroviral transduction was 
performed by incubating cells in 1 ml of recombinant su- 
pernatants containing virus (1 X 10 6 /ml), 3 ml of cell culture 
media containing 10% FBS, and pbrybrene (final concen- 
tration 8 jxg/ml). After 3 h, fresh supernatants containing 




FIG- 2* (A) Phase contrast photomicrograph showing ag- 
gregation of osteoprogenitor cells from the metaphyseal 
primary spongiosa of a distal femur 12 h after isolation. The 
small round cells are mononuclear hematopoietic (marrow) 
cells that disappear when medium was changed. (B) Phase 
contrast microscopy showing confluent culture of cells de- 
rived from the primary spongiosa in 7 days. (C) Confluent 
colony of diaphyseal marrow stromal cells obtained from 
the same animal as the primary spongiosa cells. 

virus and culture media were added, and incubation was 
continued overnight. Incubation with virus was repeated the 
next day as described. Control primary cultures of metaph- 
yseal and diaphyseal osteoprogenitor cells were incubated 
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FIG. 3. X-gal staining of (A) metaphy- 
seal derived primary spongiosa cells and 
(B) diaphyseal derived stromal cells in- 
fected with \M5neolacZ retrovirus ex- 
pressing the histochemical reporter gene 
lacZ. Primary cultures of metaphyseal 
and diaphyseal osteoprogenitor cells 
were subcultured and transduced with 
supernatants containing retrovirus as de- 
scribed in the Materials and Methods 
section. Selection in G418 was continued 
for 12 days with regular media changes 
every 3-4 days. G418-resistant colonies 
were stained for )3-galactosidase. The 
blue color represent cells expressing the 
lacZ gene. 



in media alone (without virus). On the third day, cultures 
were either stained for )3-galactosidase or split 1:10 into 
culture medium containing 1 mg/ml G418. Selection in 
G418 was continued for 12 days with regular media changes 
every 3-4 days. G418-resistant colonies were, stained for 
either )3-galactosidase and/or ALP. 

fi-galactesidase histochemistry 

We. used a histochemical stain for ]3-galactosidase (24) to 
detect expression of lacZ in virus- infected cells. Cultured 
cells were rinsed with PBS and fixed for 5 minutes at 4°C 
with 0.2%glutaraldehyde-2% formaldehyde in PBS. The 
cells were rinsed with PBS and then incubated at 37°C 
overnight in staining solution containing 1 mg/ml X-Gal, 5 
mM potassium ferricyanide, 5 mM potassium ferrocyanide, 



and 2 mM magnesium chloride in PBS as previously de- 
scribed/ 19 ' 24 - 2 ^ For whole organ staining, bone histomor- 
phometry was done using conventional techniques on un- 
decalcified frozen sections of the distal femur. X-Gal 
staining was done as described (24) except that the tissue 
specimens were preincubated in staining buffer containing 
0.3 mM chloroquine, 5 mM potassium ferricyanide, 5 mM 
potassium ferrocyanide, and 2 mM magnesium chloride 
before the addition of 1 mg/ml X-GaL 

Transplantation and recovery of bone 
osteoprogenitor cells 

To stimulate proliferation in bone and to provide an 
environment to support transplanted cells, we adapted a 
method of marrow ablation of femur on mature nonsynge- 
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neic rats as previously described. (26,27) Briefly, a hole 2 mm 
in diameter was drilled through the growth plate into the 
marrow channel, and the femur marrow was removed with 
a polyethylene cannula inserted through the hole and at- 
tached to a high-power suction apparatus. Femur marrow 
was surgically ablated in one leg of nonsyngeniec mature 
rats. Sixteen hours after surgery, either media or virus- 
infected metaphyseal or diaphyseal cells preselected in 
G418 (1 X 10 6 cells) were injected directly into the ablated 
marrow channel. Rats were killed 5-6 days later, a time 
period equivalent to the phase of active bone formation/ 
proliferation that follows ablation. This time point allows 
identification of the cellular graft and resorption of nonvi- 
able cellular material. (26,27) After sacrifice, the presence 
and localization of the transplanted cells were demon- 
strated in the primary hosts using three independent ap- 
proaches: detection of provirus by PCR-Southern blot, abil- 
ity to recover (viable) transplanted cells from metaphyseal 
and diaphyseal bone by in vitro clonal selection in G418, 
and detection of expression of lacZ by j3-galactosidase his- 
tochemistry of bone sections. Femurs were either prepared 
for histochemistry, or metaphyseal and diaphyseal cells 
were isolated, selected in G418, and stained for j3-galacto- 
sidase to determine colony counts or analyzed by Southern 
analysis to determine the integration pattern. For cell iso- 
lation assays, cells from two or three animals were pooled 
and cultured as described. Metaphysis and diaphysis of both 
femurs and kidney and spleen of primary hosts were eval- 
uated by PCR-Southern analysis for the presence of the neo 
gene. 



PCR analysis 

Total cellular DNA was isolated from progenitors using 
methods that allow for the extraction of nucleic acids from 
fewer than 1000 cells. (28) Genomic DNA from tissues was 
isolated using the QIAamp tissue kit (QIAGEN Inc., Chats- 
worth, CA, U.S. A.) as recommended by the manufacturers. 
Amplification of genomic DNA was performed as previ- 
ously described/ 20 For amplification of genomic DNA, a 
792 bp region of the neo gene was amplified using a 27 bp 
5' primer: CAA GAT GGA TTG CAC GCA GGT TCT 
CCG and ending with the 27 bp 3' primer: CCA GAG TCC 
CGC TCA GAA GAA CTC GTC. For amplification of 
total cellular RNA, an 862 bp region of the lacZ gene was 
amplified using a 27 bp 5' primer: CAG ATA ACT GCC 
GTC ACT CCA ACG CAG and a 27 bp 3' primer: CAG 
CTT GGG ATC TCT ATA ATC TCG CGC Each sample 
was amplified for 30 cycles, at 94°C for 60 s to allow for 
denaturation, 60°C for 2 minutes to allow for primer an- 
nealing, and 72°C for 90 s to allow for primer extension. 
Twenty microliters of reaction mixture was then electropho- 
resed on a 2% agarose gel and transferred to a nylon filter 
(Gene Screen plus, New England Nuclear Corp.). The filter 
was then hybridized using a 3.7 kb lacZ gene fragment or a 
0.8 kb neo fragment randomly labeled (Boehringer Mann- 
heim) with [ 32 P]dCTP. Hybridization was performed at 
42°C-for 48 h. Filters were- washed with 0.4%- sodium do- 
decyl sulfate (SDS), 0.1 X SSC (0.15 M sodium chloride, 



0.015 M sodium citrate) at 55°C, and exposed to Kodak 
XAR film at -80°C. Polyadenylated RNA from tissues was . 
isolated using an RNA isolation kit (QIAGEN Inc.) exactly 
as described by the manufacturer. 

Nucleic acid analysis I Southern blot integration 
fragment analysis 

Total cellular DNA was isolated from cells, using stan- 
dard phenol chloroform extractions as previously de- 
scribed^^ and digested with a 3- to 5-fold excess of Dral 
restriction endonuclease (Boehringer Mannheim), using 
conditions as specified by the manufacturer. DNA from 
fibroblast cells containing a single copy of the vMSneolacZ 
provirus were used as positive controls. DNA fragments 
were size separated on a Hoefer SE600 vertical gel appa- 
ratus (Hoefer Scientific Instruments, San Francisco, CA, 
U.S.A.) using a 1.5 mm wide, 1% agarose gel at 22 V for 
16-18 h. Gels were prepared for DNA transfer as previously 
described. (20) Prehybridization of filters was performed in 
6X SSC, 0.05 X Denhardt's, 0.5% SDS, and 100 mg/ml 
salmon sperm DNA (Boehringer Mannheim) for 2 h at 
68°C. All probes were labeled to a specific activity of 0.5- 
3.0 X 10 9 dprh/mg with a Prime-It-II random prime labeling 
kit (Stratagene, La Jolla, CA, U.S.A.) as recommended by 
the manufacturer using [a- 32 P]dCTP (Amersham, Arling- 
ton Heights, IL, U.S.A.). Hybridization was carried out for 
16-18 h at 68°C with 10 7 dpm/ml of either a labeled 1.1 kb 
BamHl-Clal lacZ fragment or an 800 bp iVwII neo frag- 
ment in hybridization fluid identical in composition to that 
used for the prehybridization. Following hybridization, fil- 
ters were washed sequentially in 0.1 X SSC, 0.1% SDS at 
room temperature for 10 minutes, 55°C for 20 minutes and 
60°C for 15 minutes Filters were exposed to X-ray film at 
-80°C with an intensifying screen for 5-28 days. 

RESULTS 

Harvest and cultivation of metaphyseal and diaphyseal 
marrow osteoprogenitors 

Metaphyseal and diaphyseal marrow osteoprogenitors 
were cultured from the distal femur of young rats. Twelve to 
sixteen hours after the initiation of the cultures, adherent 
cells derived from the metaphyseal primary spongiosa 
formed distinct foci or aggregates, containing 20-500 
mononuclear cells with fibroblastic morphology (Fig. 2A). 
The nonadherent cell population was removed by replacing 
the medium with fresh medium. The adherent cells in these 
aggregates consisted of less than 1% of the total number of 
cells plated (data not shown). The primary spongiosa- de- 
rived ceils proliferated rapidly and reached confluence 
within 5-7 days (Fig. 2B). In cultures established from the 
diaphyseal marrow, developing colonies could be recog- 
nized at 3-6 days as clusters of elongated fibroblasts. The 
size of the fibroblast foci increased rapidly so that, by 10 
days, most of the colonies were composed of hundreds to 
thousands of cells (Fig. 2C). To demonstrate that prolifer- 
ating, cells retained differentiated functions,, cultures were 7 
stained cytochemically for ALP. In confluent metaphyseal 
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FIG. 4. Detection of proviral sequences in genomic DNA from tissues by PCR plus Southern analysis. Total cellular 
DNA was isolated from tissues (metaphysis and diaphysis of both femurs, lung and spleen of primary hosts) after 
transplantation as described and evaluated by PCR for the presence of the neo gene. Following amplification, the reaction 
mixture was then electrophoresed on a 2% agarose gel and transferred to a nylon filter. The filter was then hybridized using 
an 0.8 kb neo fragment randomly labeled with [ 32 P]dCTP. (A) Control media injection, (B) metaphyseal transplant results 
from two different rats, and (C) diaphyseal transplant results from two different rats are shown. DNA from fibroblast cells 
containing a single copy of the vMSneolacZ provirus wase used as positive control and DNA from uninfected metaphyseal 
cells was used as negative control. 



Table 1. Detection of Provirus in Different Tissues 5-6 Days After Transplantation 



Animal # 



Injected femur 



Contralateral femur 



Other tissues 



Metaphysis 



Metaphyseal transplant 
1 
2 

Diaphyseal transplant 
1 
2 

Control media injection 
1 
2 



+ 
+ 



+ 



Diaphysis 



Metaphysis 



Diaphysis 



Spleen 



Lung 



+ 

+ 



and diaphyseal marrow cell cultures, more than 85% of the 
cells^were cytocherriically positive for ALP, and similar 
ALP activity persisted in passaged cultures (data not 
shown). (15 * 18 > 

Transduction with retrovirus and selection of 
transduced osteoprogenitor cells with G418 

To assess proviral expression in transduced cells, cultures 
were selected with the neomycin analog, G418. Selected 



G418-resistant colonies were stained with the chromogenic 
substrate, X-gal. In control experiments, nontransduced os- 
teoprogenitor cells were uniformly found to be sensitive to 
5-7 days of exposure to 1 mg/ml G418. All G418-selected 
colonies of metaphyseal and marrow-derived osteoprogeni- 
tor cells stained positive with X-gal (Figs. 3A and 3B). 
Cultures of selected cells exhibited morphology similar to 
"that of nonselected cells by phase contrast microscopy. 
G418-selected cells also retained differentiated function 
and stained positive for ALP (data not shown). 
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Table 2. G418-Resistant Colonies Recovered from the Diaphysis and Metaphysis of Transplanted Rats 



Experiment 
# (n = 3) 


Metaphyseal transplant 


Diaphyseal transplant 


Control media injection 


Metaphysis Diaphysis 


Metaphysis Diaphysis 


Metaphysis Diaphysis 


1 . 
2 


225 0 
368 0 


0 0' 
9 2 


0 0 
0 .0 



FIG. 5. Photomicrographs of frozen, calcified sections of distal femur to show location of jS-galactosidase positive cells 
in metaphyseal area, 6 days after transplantation of retrovirally infected metaphyseal cells into ablated marrow cavity. 
P-galactosidase positive cells stain turquoise (arrow). (A) /3-galactosidase positive osteoblast and osteoprogenitor cells on 
trabecular bone surface. (B) 0-galactosidase positive osteoblast on trabecular bone surface. (C) j8-galactosidase positive 
cells exhibited terminal osteoblast differentiation as osteocytes within bone. (D) Rarely, jS-galactosidase positive cells were 
present as isolated chondrocytes in the healing cartilage plate. 



Transplantation, detection, and recovery of bone 
osteoprogenitor celb 

Transduced metaphyseal or diaphyseal osteoprogenitor 
cells preselected in G418 or media control were injected 
into the marrow channel of the ablated femur of nonsyn- 
genic mature rats as described in the Materials and Meth- 
ods section. To demonstrate the presence of provirus in the 
primary hosts, DNA was prepared from the metaphysis and 
diaphysis of both femurs and lung and spleen and analyzed 
first by PCR and then by Southern blot of the.EGR, product 
(Fig. 4 and Table 1). The provirus was detected in DNA 



from the injected femur in 100% of both metaphyseal and 
diaphyseal samples, following metaphyseal cell transplants, 
and in 100% metaphysis and 50% diaphysis, following di- 
aphyseal cell transplants. Provirus was not detected in the 
contralateral femur or any other tissues examined (Figs, 4B 
and 4C and Table 1). In addition, the provirus was not 
detected in any rat tissue when media was injected as a 
control (Fig. 4 A and Table 1). 

High numbers of G418-resistant colonies were recovered 
following metaphyseal transplants (225 and 368, in two in- 
dependent experiments) and were detected in 100% of 
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metaphyseal, but in none of the diaphyseal, samples. The 
recovered G418-resistant colonies represent less than 0.1% 
"of 'selected cells (data hofshown). The number of G418- * 
resistant colonies recovered from the diaphyseal transplants 
was over 60-fold less compared with metaphyseal cells. Only 
0-9 or 0-2 colonies, respectively, were detected in the 
metaphyseal and diaphyseal specimens. These results are 
summarized in Table 2. All G418-resistant colonies recov- 
ered following metaphyseal and diaphyseal transplants, re- 
tained differentiated function, and stained positive for ALP 
(data not shown). 

Following metaphyseal cell transplants, j3-galactosidase 
positive cells were confined to a relatively small fraction of 
total trabecular bone (Fig. 5). The identity of the cells was 
defined traditionally by their location and proximity to 
bone. /3-galactosidase positive cells with rounded or colum- 
nar morphology, in direct contact with the trabecular bone 
surfaces, were identified as osteoblasts (Figs. 5A and 5B). 
Elongated cells with elongated nuclei that were immedi- 
ately adjacent to osteoblasts and /3-galactosidase positive, 
but did not contact the bone matrix, were classified as 
putative osteoprogenitor cells (Fig. 5A). j3-galactosidase 
positive cells within lacunae in bone were identified as 
osteocytes (Fig. 5C). Rarely, positive staining cells were 
found as chondrocytes within the healing cartilaginous 
growth plate (Fig. 5D). There were no /3-galactosidase pos- 
itive cells within the bone marrow itself. Histochemical 
staining of diaphyseal marrow was not done, because few 
cells were recovered from this region (Table 2). No X-gal 
positive cells were detected on multiple sequential sections 
from control animals. 

Southern blot integration fragment analysis/cell 
lineage analysis 

Since G418-resistant colonies were readily obtained in 
the metaphysis following metaphyseal transplant, we as- 
sessed whether the G418-resistant colonies were derived 
from the same progenitor cell(s). This assessment was de- 
termined by the ability to analyze the random integrations 
of proviral DNA in chromosomal DNA from metaphyseal 
cells recovered after transplantation into ablated femurs. 
High molecular weight genomic DNA was digested with a 
restriction endonuclease which cleaves both proviral and 
flanking chromosomal DNA followed by Southern blotting 
of the digested DNA fragments. Hybridization of the blot 
with the lacZ probe allowed identification of the 5' region 
of the provirus and the flanking chromosomal DNA 5' to 
the provirus, while hybridization of the filter with the neo 
probe allowed identification of the 3' region of the provirus 
and chromosomal DNA flanking the 3' junction. In the first 
experiment, the integration pattern of multiple individual 
colonies from a pool of three animals (Fig. 6A, lanes 1-3) 
was compared with the integration pattern of metaphyseal 
cells obtained prior to the transplant (Fig. 6A, lane 5). A 
commonly sized hybridizing band was detected in cells 
prior to,' and subsequent to, the transplant. Matching hybrid- 
izing bands from both the 5 ' and 3' junctions in the metaph- 
yseal cells prior to and following transplantation strongly infers 
the transduction as well as the in vitro and in vivo proliferation 
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FIG. 6. Analysis of integration fragments in G418-resis- 
tant metaphyseal cells. DNA was prepared from metaphy- 
seal cells after in vitro transduction and following transplan- 
tation into recipient rats. DNA was digested with Dral 
restriction endonuclease which cleaves the proviral DNA 
once and flanking 5' and 3' genomic DNA at unique sites to 
allow the identification of proviral integrations into DNA 
by Southern blot. The filters were first hybridized with the 
lacZ probe (5' integration fragment) and then stripped and 
rehybridized with the neo probe (3' integration fragment). 
Details are provided in the Materials and Methods section. 
(A) Lanes 1-3 represent individual G418-resistant clones 
recovered from transplanted animals; lane 5 represents the 
parent pool of metaphyseal cells; lane 4 did not contain 
DNA; lane 6 (-) represents the negative control, uninfected 
metaphyseal cells. (B) Lanes 2-5 represent pools of G418- 
resistant clones recovered from transplanted animals; lane 
1 represents the parent pool of metaphyseal cells; lane 6 
represents the negative control, uninfected metaphyseal 
cells. DNA from fibroblast cells containing a single copy of 
the vMSneolacZ provirus was used as positive control and 
yielded expected results (data not shown). 



of a common osteoprogenitor cell. In a second experiment 
(Fig. 6B), five hybridizing bands, representing five distinct 
proviral integrations, were observed in genomic DNA isolated 
from cells prior to transplantation (Fig. 6B, lane 1). However, 
following transplantation, a single integrant was observed 
(Fig. 6B, lanes 2-5) in pooled colonies. The integrant observed 
in the transplanted cells differed from any of the integrants 
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obtained from genomic DNA isolated from ceUs prior to 
transplantation. 



DISCUSSION 

We transplanted metaphyseal osteoprogenitors (the 
source of trabecular osteoblasts) and diaphyseal marrow 
osteoprogenitors (the source of endosteal osteoblasts), iso- 
lated from bones of young rats, into marrow ablated-femur 
bones of nonsyngeneic mature rats to investigate their fate 
during the phase of rapid bone formation, which occurs 
immediately after surgical marrow ablation. (26 ' 27) To distin- 
guish and facilitate identification and recovery of transplanted 
cells, the transplanted ceils were infected with \M5neolacZ 
retrovirus encoding the neomycin resistance gene neo and 
the histochemical reporter gene ZacZ. (19 ' 20 ' 29 - 31) A similar 
somatic gene transfer approach has been used in research 
on stem cells of the hematopoietic system where the pro- 
duction of vast numbers of hematopoietic cells is hypothe- 
sized to be maintained by a small population of reconsti- 
tuting stem ceIls. (19 - 21 ' 31 - 36) The methodology generally 
involves bone marrow harvest, in vitro transduction, and 
transplantation of the infected cells into irradiation-condi- 
tioned recipients. The proliferative properties of the stem 
and progenitor cells are inferred by Southern blot detection 
of the proviral integrations in mature hematopoietic lin- 
eages. Our results demonstrate that 5-6 days following 
transplantation, the provirus was detected only in the in- 
jected femur (metaphyseal and diaphyseal region) and not 
in the contralateral femur or in any other tissue examined. 
The absence of the provirus in organs other than the in- 
jected femur indicate a limited circulation of these bone 
osteoprogenitor cells or a failure to engraft/survive in these 
sites. 

Efforts to recover G418-resistant cells from the femoral 
metaphysis and diaphysis showed high numbers of G418- 
resistant colonies in metaphyseal sites, but none in diaph- 
yseal samples, following metaphyseal transplants. This sug- 
gests that metaphyseal osteoprogenitor cells, when 
transplanted into bone, engraft into trabecular bone of the 
metaphysis. We have previously characterized these cells in 
vitro. We have shown that these cells aggregate within 
hours after isolation and express osteopontin, collagen I, 
and ALP mRNA. After 4 days in culture, transcripts for the 
PTH receptor and ALP increase, and spontaneous miner- 
alization occurs 2-3 days later, without supplementation of 
the media. (15 > 18 ' 37) Proliferation of serum-starved cells 
above baseline is significantly stimulated by the addition of 
serum, but not by isolated growth factors, dexamethasone, 
or PTH. (1518 * 37 > In diffusion chambers implanted into the 
peritonea] cavity of athymic mice, these metaphyseal cells 
have the ability to give rise to bone tissue (unpublished 
data, Santerre and Onyia, 1997). 

Few or no G418-resistant colonies were obtained from 
diaphyseal marrow transplants, although G418-resistant 
colonies of diaphyseal origin were detected in both metaph- 
yseal and diaphyseal samples. The significance of this dif- 
ference in proliferation -between the metaphyseal and di- 
aphyseal osteoprogenitor cells in our studies and those 



reported by others is unclear, though it may be related to 
the transplantation procedure and the time of analysis. 
Another possibility is that there may be differences in the in 
vivo growth rates of the two populations. In vivo studies by 
us and others have shown that the metaphysis contains 
many more cells that are rapidly dividing than does the 
diaphysis. (13,14,16) Under steady-state conditions in vivo, the 
diaphyseal cells have a slow rate of mitosis, and more than 
90% remain arrested in the Go-period of the cell^cycle, but 
are stimulated to proliferate and differentiate wherhtrans- 
planted into nutrient-rich media in vitro. (38_42) In vitro, as 
determined by both cell counting and [ 3 H]thymidine incor- 
poration, we have not found significant differences in pro- 
liferation between the metaphyseal and diaphyseal cells 
that could account for the different outcome in vivo (un- 
published results, J.E. Onyia). 

Pereira et al. (43) transplanted diaphyseal marrow stromal 
cells from transgenic mice expressing a human mini-gene 
for collagen I, as a marker to follow the fate of donor cells. 
After injection of tagged cells, few donor cells were de- 
tected in bone or marrow of nonirradiated recipient mice, 
while donor marrow stromal cells were widely disseminated 
and populated -bone, marrow, cartilage, lung, and spleen in 
irradiation-conditioned mice. In contrast, in our study, us- 
ing a different subset of bone cells and a different bone 
preparatory regimen (ablation), a highly efficient engraft- 
ment in a localized bone region was observed. It will be 
important in our future studies to evaluate the proliferation 
of metaphyseal and diaphyseal cells in bone at several 
points in time following transplantation, because one pop- 
ulation of cells may have short-term proliferating potential 
while the other population has long-term proliferation 
potential. 

Histologic sections showed that the j3-ga!actosidase me- 
taphyseal osteoprogenitors were able to compete success- 
fully with endogenous bone cells and complete their differ- 
entiation within the osteoblast lineage as osteoprogenitors, 
osteoblasts, and osteocytes within metaphyseal bone. Al- 
though these cells vigorously proliferated in vitro, they were 
not located within the marrow itself as clusters of cells, but 
as the occasional osteoprogenitor within the primary spon- 
giosa. The observation that /3-gaIactosidase positive chon- 
drocytes were found, albeit rarely, within the growth plate, 
suggests that these metaphyseal cell transplants contained 
cell(s) that were at least bipotential and capable of differ- 
entiating into osteoblast or chondrocyte lineages, as sug- 
gested by previously published in vitro studies. (22,43 ~ 47) 

We found some discrepancy in PCR analysis and the 
results of cell isolation with the metaphyseal cell trans- 
plants. While G418-resistant cells were only isolated from 
the metaphysis, provirus was detected in both metaphyseal 
and diaphyseal samples. The difference may be attributed 
to the high sensitivity of the PCR technique in detecting the 
presence of very rare contaminating metaphyseal cells con- 
taining the provirus in these specimens (limits of detection 
1/100,000 cells; unpublished results, D.W. Clapp). Alterna- 
tively, it may be that the transplanted metaphyseal cells are 
not proliferating in the diaphyseal microenvironment at the--™ 
time of sampling or that diaphyseal marrow environment 
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cannot support the growth/survival of metaphyseal 
^osteoprogenitors. ..,>,,■-.,. 
Analysis of proviral insertion sites in genomic DNA of 
recovered metaphyseal cells was determined to evaluate the 
cell fates of individual transduced cells. In the first experi- 
ment (Fig. 6A), the integrant detected in DNA recovered 
from the femurs of the transplanted rats was the same as 
that observed in the metaphyseal cells prior to transplanta- 
tion, indicating the ability of a single transduced cell to 
survive in vivo as well as in vitro. The integration pattern 
observed in the second experiment was more complex. 
While data in Fig. 6A indicate that a transduced cell can 
proliferate in vitro and survive in vivo, the relative in vivo 
survival of multiple cells could not be determined. In an 
independent experiment shown in Fig. 6B, five distinct 
integrants were observed in the input metaphyseal cells, 
though not in DNA from cells recovered from the trans- 
planted rats. The detection of the five integrants in vitro, 
though not in vivo, suggests that cells containing these 
integrants failed to engraft and survive in vivo, or that the 
cells differentiated in vitro prior to transplantation. One 
integrant was detected in DNA from the reconstituted rats, 
though not in the input metaphyseal cells. It is possible that 
there was a rearrangement of one of the integrants detected 
in vitro, resulting in the presence of a uniquely sized inte- 
grant. Alternatively, the data are also consistent with the 
proliferation of a cell in vivo that was not proliferating 
sufficiently in vitro to be detected. Such clonal fluctuation 
has been noted frequently following transplantation of 
retroviral-marked hematopoietic stem and progenitor 
cells/ 20,21, 25,3 1_35) It will be interesting in future experi- 
ments to evaluate the clonal proliferation of transduced 
metaphyseal cells as a function of time. Such an approach 
has been used to characterize the proliferation kinetics of 
circulating and bone marrow hematopoietic cells in murine 
models.< 20,21,25 ' 31 - 35 > 

The ability to target bone for gene therapy will depend on 
the presence of primitive osteoprogenitops which possess a 
high proliferative capacity in vitro and in vivo. Further 
studies will be required to assess the long-term function of 
the transplanted cells, as well as the persistence of gene 
expression from the integrated provirus. This is the first 
demonstration of successful and selective transplanting, of 
clonal osteoprogenitors to their site of origin in bone. Also 
these initial studies establish the feasibility of ex vivo gene 
delivery to bone. This suggests that, with appropriate engi- 
neering, it may be possible to use these cells to target genes 
to bone for therapeutic use in skeletal and hematopoietic 
disease. 
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